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annulus fibrosus and the nucleus pulposus, which function together to support and absorb the large complex
spinal loads. Disc degeneration causes drastic changes in the composition and may lead to altered mechanics;
however, the changes in the internal mechanical function of the nucleus and annulus are not well understood.
Moreover, herniation of nucleus pulposus material through the posterior annulus causes low back pain and
may alter the mechanical function of the disc. Discectomy, a procedure to relieve the pain by removing the
herniated material; however, the effect of discectomy on the mechanical function of nondegenerate and
degenerate discs are not known. Therefore, the overall goal of this study was to evaluate the mechanical
behavior of the intervertebral disc in its intact form, as excised tissue and via constitutive modeling.
Degeneration increases the tensile radial and compressive axial strain in the nucleus pulposus and annulus
fibrosus; with the internal mechanics being most sensitive to degeneration in the neutral position. These
increases in strain may be the cause of, result of microfractures that may lead to future herniations.
Discectomy affected nondegenerate and degenerate discs differently. Generally, the axial strains of
nondegenerate discs were similar to intact discs, while degenerate discs experienced larger compressive axial
strains and inward bulging of the inner annulus. Alterations in the radial strains of the lateral and posterior
annulus were observed in both nondegenerate and degenerate discs; suggesting that nondegenerate discs may
experience an advanced progression of degeneration following discectomy. Mechanical testing of the annulus
in uniaxial and biaxial extension demonstrated the importance of the loading condition utilized to evaluate
musculoskeletal tissues. Constitutive modeling, based on biaxial experimental results, was able to accurately
describe the tissue behavior in uniaxial tension and simple shear; however, uniaxial experimental data was
unable to describe the tissue function in other loading modalities. This study provides valuable information
that can be utilized to understand and design of future treatments for degeneration and herniation.
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Abstract 
DEGENERATION AFFECTS THE STRUCTURAL AND TISSUE 
MECHANICS OF THE INTERVERTEBRAL DISC 
Grace D. O’Connell 
Dawn M. Elliott 
The intervertebral disc is comprised of mechanically and structurally unique 
substructures including the annulus fibrosus and the nucleus pulposus, which function 
together to support and absorb the large complex spinal loads.  Disc degeneration causes 
drastic changes in the composition and may lead to altered mechanics; however, the 
changes in the internal mechanical function of the nucleus and annulus are not well 
understood.  Moreover, herniation of nucleus pulposus material through the posterior 
annulus causes low back pain and may alter the mechanical function of the disc.  
Discectomy, a procedure to relieve the pain by removing the herniated material; however, 
the effect of discectomy on the mechanical function of nondegenerate and degenerate 
discs are not known.  Therefore, the overall goal of this study was to evaluate the 
mechanical behavior of the intervertebral disc in its intact form, as excised tissue and via 
constitutive modeling.  Degeneration increases the tensile radial and compressive axial 
strain in the nucleus pulposus and annulus fibrosus; with the internal mechanics being 
most sensitive to degeneration in the neutral position.  These increases in strain may be 
the cause of, result of microfractures that may lead to future herniations.  Discectomy 
affected nondegenerate and degenerate discs differently. Generally, the axial strains of 
nondegenerate discs were similar to intact discs, while degenerate discs experienced 
larger compressive axial strains and inward bulging of the inner annulus.  Alterations in 
 vi 
the radial strains of the lateral and posterior annulus were observed in both nondegenerate 
and degenerate discs; suggesting that nondegenerate discs may experience an advanced 
progression of degeneration following discectomy.  Mechanical testing of the annulus in 
uniaxial and biaxial extension demonstrated the importance of the loading condition 
utilized to evaluate musculoskeletal tissues. Constitutive modeling, based on biaxial 
experimental results, was able to accurately describe the tissue behavior in uniaxial 
tension and simple shear; however, uniaxial experimental data was unable to describe the 
tissue function in other loading modalities. This study provides valuable information that 
can be utilized to understand and design of future treatments for degeneration and 
herniation.  
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Chapter 1: Introduction 
The intervertebral discs permit flexibility of the spine, absorb and distribute large 
multi-directional loads and experience more severe degeneration than other regions of the 
spine.  Mechanical loading of the disc is thought to increase the progression of disc 
degeneration and herniations.  Disc degeneration is thought to contribute to axial low 
back pain, herniation, progression of annular tears, and spinal stenosis.(Wiberg 1949; 
Bogduk 1991; Roberts, Eisenstein et al. 1995; Ohtori, Takahashi et al. 2001; Videman 
and Nurminen 2004)  
The disc undergoes more dramatic alterations with age than any other 
musculoskeletal soft tissue.(Buckwalter, Boden et al. 2000)  Disc degeneration and 
herniation involves compromised mechanical function, degradation of the extracellular 
matrix and structure, and cell death and senescence.  Despite the prevalence, the 
underlying causes remain disputed.  Further, the factors critical in the progression of the 
disorder are not well understood, nor are the interactions of specific mechanical, 
compositional, structural, and cellular changes.(Adams and Roughley 2006)  This lack of 
knowledge has hindered the development of therapies(Larson, Levicoff et al. 2006) and 
was the motivation for this study. 
The overall goal of this dissertation is to evaluate the mechanical behavior of 
healthy and degenerate intervertebral discs in situ, as excised tissue and through 
theoretical modeling.  Chapter 2 will focus on a background of the compositional and 
mechanical changes in the intervertebral disc with degeneration.  Furthermore, the 
chapter will provide a through review of the knowledge in the literature that is focused on 
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understanding the structural and tissue alterations with degeneration, annulotomy, 
herniations and discectomy.  These procedures and treatments are evaluated through 
mechanical testing of the motion segment in Chapters 3 through 6, where the internal 
structural mechanics of the disc is evaluated with respect to disc degeneration, 
annulotomy and discectomy.  The second half of this dissertation focuses on the effect of 
disc degeneration on the tissue mechanics of the anterior annulus.  Since the annulus 
fibrosus experiences complex loading in situ, both uniaxial and biaxial mechanical 
properties were evaluated for the anterior annulus in Chapters 7 and 9, respectively.  The 
experimental evaluation of the annulus fibrosus tissue is complemented with a theoretical 
evaluation.  Phenomenological models use mathematical equations to describe the 
behavior of the tissue’s sub-components, such as the fibers and the matrix.  A constitutive 
model is applied to uniaxial and biaxial experimental data to evaluate the nondegenerate 
and degenerate tissue behavior in Chapters 8 and 10, respectively.  The additional 
experimental data provided by biaxial experiments is used to validate the selected 
constitutive model, which can then be used to predict the tissue behavior in other loading 
conditions, such as uniaxial tension. Understanding the mechanical behavior of the 
healthy discs will provide valuable information in determining which changes in an 
injured or degenerated disc should be replicated in designs for partial or total disc 
replacement.  The results from provide valuable information to design optimal treatments 
and can be used to validate and improve theoretical models of the disc, which will be 
discussed in Chapter 11 with final conclusions and future work. 
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Chapter 2: Background 
2.1 Disc Anatomy and Structure 
The spine consists of five regions, including the cervical, thoracic, lumbar, sacral, 
and coccyx, with the lumbar spine in the lower back.  The lumbar spine is approximately 
25% of the entire spine length and contains five intervertebral discs (Figure 2-1).  The 
intervertebral disc is the soft tissue located between the bony vertebral bodies of the spine 
and has a heterogeneous structure, comprised of unique components of the nucleus 
pulposus, annulus fibrosus, and endplates, which separate the annulus fibrosus and the 
nucleus pulposus from the bony vertebral bodies (Figure 2-1B).  
 
Figure 2-1: A) Five regions of the spine. B) Schematic of the intervertebral disc showing 
the annulus fibrosus (AF) and nucleus pulposus (NP). Modified from www.kinecare.net 
and Iatridis et al. (Iatridis, Setton et al. 1998) 
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The annulus fibrosus is a highly organized fiber-reinforced layered structure, 
which surrounds the nucleus pulposus.  The distinct layers in the annulus fibrosus is 
comprised of layered collagen fibers aligned 28-30o above and below the horizontal plane 
alternating between adjacent layers (Figure 2-1B). (Cassidy, Hiltner et al. 1989)  The 
fiber angle increases from the outer to the inner annulus layers providing the disc with 
elasticity in compression.(Horton 1958; Markolf and Morris 1974)  The nucleus pulposus 
is an amorphous gel comprised of randomly distributed collagen fibrils in a hydrated 
extrafibrillar matrix.  The surrounding vertebral bodies are porous cortical bone 
structures. (Perey 1957)  
2.2 Clinical Significance 
Back pain is the most common cause of activity limitations in adults younger than 
45 years, the second most frequent reason for physician visits, is permanently disabling to 
more than 5 million Americans, and is associated with annual costs over $100 billion in 
the US alone.(Deyo and Tsui-Wu 1987; Frymoyer 1988; Andersson 1999; Luo, Pietrobon 
et al. 2004)  Low back pain can be caused by a herniated disc, which can be treated with 
a discectomy procedure (i.e. removal of nuclear material).  The number of discectomy 
procedures has been increasing steadily over the past decade, costing over $300 million 
in Medicare spending.(Weinstein, Lurie et al. 2006)  Furthermore, degeneration of the 
intervertebral disc has been implicated as a potential cause of low back pain, but is not 
always a one-to-one relationship.(Bernard 1990)   
Current treatment for low back pain ranges from conservative options such as 
rest, stretching and massage, to invasive surgical options such as discectomy, spinal 
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fusion and disc replacement.  New treatments that seek to restore disc function are 
currently in development.  These include “motion-preserving” total disc replacements 
and tissue engineered constructs.  Because the primary function of the disc is mechanical 
the success of these treatments will hinge on their ability to restore normal mechanical 
function.  Moreover, the success of these treatments will also be determined by their 
ability to share loads with the remaining native tissue such as the vertebral bodies, facet 
joints and adjacent discs.  
Patients with degenerate discs, based on magnetic resonance images, may be 
asymptomatic; while a healthy looking disc may experience significant discogenic low 
back and leg pain.  In addition, it is difficult to separate the effects of the normal aging 
process from those of degeneration.  Data presented in this dissertation shed new light on 
potential mechanisms and effects of disc degeneration and will support and guide the 
design of new treatment strategies. 
2.3 Disc Composition 
The intervertebral disc is largely acellular with less than 5% of the tissue volume 
containing cells.  The tissue is comprised largely of water, proteoglycans and collagen, 
which vary spatially throughout the disc (Table 2-1).(Eyre 1979; Oegema 1993)  The 
water content in the disc decreases with age from approximately 85% in juvenile discs to 
75% in adult discs (Figure 2-2A).(Pearce, Grimmer et al. 1987; Oegema 1993; Antoniou, 
Steffen et al. 1996)  Similarly, the glycosaminoglycan content in the nucleus pulposus 
has been observed to be approximately 700ug/mg in young discs and 400ug/mg in adult 
discs, or a 40% decrease with age (Figure 2-2B).(Antoniou, Steffen et al. 1996; 
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Johannessen, Auerbach et al. 2006)  The decrease in water and glycosaminoglycan 
content varies spatially through the disc, with a relatively small decrease in the outer 
annulus fibrosus water and glycosaminoglycan contents.  The overall collagen content, 
calculated from the hydroxyproline content, follows the reverse spatial pattern through 
the disc, with the collagen comprising of up to half of the outer annulus fibrosus’ dry 
weight and only 30% of the nucleus pulposus (Table 2-1; Figure 2-3).  Few changes with 
age have been observed for the collagen content, with significant decreases in collagen 
content only after the sixth decade of life (Figure 2-3); however, it has been suggested 
that ratio of the collagen types is altered (e.g. ratio of collagen type I and II).(Brickley-
Parsons and Glimcher 1984; Antoniou, Steffen et al. 1996; Nerlich, Boos et al. 1998) 
Water (%) Collagen (%) GAG (%)
NP 70 - 82 18 -30 15 - 30
Inner AF 65 - 75 25 - 40 11 - 20
Outer AF 55 - 65 40 - 60 5 - 8  
Table 2-1: Percentage of water, collagen and proteoglycan of the nucleus pulposus (NP), 
inner and outer annulus fibrosus (AF) by dry weight. 
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Figure 2-2: A) Water content and B) glycosaminoglycan (GAG) content by dry weight with 
age for five regions of the disc, including the outer (AA) and inner (AI) anterior annulus, 
the nucleus pulposus (NP), inner (PI) and outer (PA) outer posterior annulus. Modified 
from Antoniou et al. (Antoniou, Steffen et al. 1996) 
 
Figure 2-3: Hydroxyproline content by dry weight with age for five regions of the disc, 
including the outer (AA) and inner (AI) anterior annulus, the nucleus pulposus (NP), inner 
(PI) and outer (PA) outer posterior annulus.  Modified from Antoniou et al. (Antoniou, 
Steffen et al. 1996) 
Proteoglycans found in the intervertebral disc, such as aggrecan, versican, decorin 
and biglycan, consist of covalently linked glycosaminoglycans to a core 
protein.(Roughley, White et al. 1996; Melrose, Ghosh et al. 2001)  Glycosaminoglycans 
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are chains of repeating disaccharide units, which are negatively charged.  The negative 
charge attracts sodium molecules (Na+) and allows large amounts of water to be imbibed 
by the extracellular matrix, providing a large swelling pressure.  The types of 
glycosaminoglycans in the intervertebral disc include hyaluronan, chondroitin or 
dermatan sulfate and keratan sulfate. 
Aggrecan is a large aggregating proteoglycan consisting of chondroitin sulfate or 
keratin sulfate chains covalently linked to the core protein hyaluronan (Figure 2-4). 
(Oegema 1993)  The composition of the glycosaminoglycan side chains varies spatially 
throughout the disc; with the nucleus pulposus having a larger amount of keratin 
sulfate.(Scott, Bosworth et al. 1994)  Age and degeneration is noted with cleavage of the 
glycosaminoglycan side chains with an increase in the proportion of keratin sulfate chains 
in older aggrecan molecules (Figure 2-4);(Melrose, Ghosh et al. 2001) however, it is not 
well understood how these changes affect aggrecan’s ability to aggregate, or the disc’s 
ability to keep a high swelling pressure.  
Other smaller proteoglycans found in the intervertebral disc include versican, 
biglycan and decorin.  While the role of these proteoglycans in the intervertebral disc is 
less understood than aggrecan, decorin and biglycan are known to interact with collagen 
fibers, which may create fiber-matrix interactions in the annulus fibrosus.   
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Figure 2-4: Schematic of a normal (1& 2) and degenerate (3 & 4) proteoglycan with 
glycosaminoglycan side chains of chondroitin sulfate (CS) and keratin sulfate (KS).  
Modified from www.biochemsoctrans.org. 
Collagen fibers are long stiff triple helix structures, and the majority of collagen 
fibers in the intervertebral disc are types I and II.  The amount of type I collagen 
decreases from the outer to the inner annulus fibrosus. (Eyre and Muir 1976)  In contrast, 
the amount of type II collagen increases from the outer to the inner annulus 
fibrosus.(Eyre and Muir 1976; Antoniou, Steffen et al. 1996)  Collagen type I is 
commonly found in tissues that experience high levels of tension, such as tendons and 
ligaments, while collagen type II is commonly found in tissues that are loaded in 
compression such as articular cartilage.   
Other minor collagens found in the disc include types III, V, VI, IX, X and XI. 
(Eyre 1979; Wu, Eyre et al. 1987; Roberts, Menage et al. 1991; Boos, Nerlich et al. 1997; 
Nerlich, Schleicher et al. 1997; Aigner, Gresk-otter et al. 1998; Nerlich, Boos et al. 1998)  
Collagen types IX and XII are fibril-associated collagens that decorate the surface of 
collagen fibers and are thought to link fibers with one another or other components in the 
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extracellular matrix, creating fiber-fiber or fiber-matrix interactions, 
respectively.(Melrose, Ghosh et al. 2001; Eyre, Matsui et al. 2002)  The annulus fibrosus 
also contains elastin fibers,(Olczyk 1994; Cloyd and Elliott 2007; Smith, Byers et al. 
2008; Smith and Fazzalari 2009) which are known to provide the skin and cardiac tissue 
with its elastic properties.(Waller and Maibach 2006; Kochova, Tonar et al. 2008)  The 
elastin content in the annulus fibrosus increases with degeneration and has been 
suggested to play a role in the mechanical behavior of the tissue when loading 
perpendicular to the lamellae layers.(Cloyd and Elliott 2007; Smith, Byers et al. 2008)  
Knowledge about the mechanical role of these minor collagens and elastin is important 
for understanding how healthy discs absorb daily mechanical loads.  Chemical and 
histological techniques have been used to quantify the amount of these structures in the 
annulus,(Eyre 1979; Duance, Crean et al. 1998; Pokharna and Phillips 1998; Yu, 
Fairbank et al. 2005; Smith, Byers et al. 2008) and their prevalence likely plays an 
important role in the mechanical function of the annulus.  Moreover, understanding the 
effect of compositional changes is important for treating age or degeneration related 
issues. 
2.4 Mechanical Function 
2.4.1 Mechanical Function of the Intervertebral Disc 
Activities of daily living place large mechanical demands on the lumbar spine 
with repetitive and combined bending, torsion and compression loading.(Nachemson 
1963; Cooke and Lutz 2000) The disc height decreases with degeneration, shifting the 
load distribution between the facet joints and the discs towards the facets with age and 
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degeneration.(Yang and King 1984)  The nonlinear and viscoelastic properties of the 
annulus fibrosus and the nucleus pulposus allow the disc to absorb energy, permit 
motion, and transfer spinal loads (Figure 2-5).  
 
Figure 2-5: Bending (shown by the red arrows) increases the pressurization of the nucleus 
(blue arrows), which transfers radially as tensile stresses in the annulus (black arrows). 
Axial compressive loads have been widely evaluated for the bone-disc-bone 
motion segment.  The nucleus pulposus is thought to be critical in supporting the disc at 
low stresses and to transfer loads radially to the annulus fibrosus.  Applying a 
compressive load decreases the disc height, increases the intradiscal pressure, and 
transfers loads radially to the annulus (Figure 2-4).(Laible, Pflaster et al. 1993; Natarajan, 
Williams et al. 2004)   Compressive loads are also supported directly by the annulus 
through circumferential hoop tension and the proteoglycan-rich extrafibrillar 
matrix.(Hickey and Hukins 1980; Hukins 1992; Shirazi-Adl 1992)   
In addition to compression, large bending and torsion loads occur, and are largely 
supported by the annulus fibrosus.  Furthermore, bending in flexion and extension causes 
a large increases in the internal pressure,(Nachemson 1963) which can damage the 
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annular structure as the pressurized nucleus pushes radially on the annulus.(Simunic, 
Robertson et al. 2004) High annular stresses may lead to tears or microfractures, which 
frequently originate at the boundary of the nucleus pulposus and the annulus 
fibrosus.(Vernon-Roberts, Fazzalari et al. 1997; Lawrence, Greene et al. 2006)  Previous 
studies have shown large increases in the stress of the posterior annulus fibrosus during 
flexion,(Nachemson 1963) due to migration of the nucleus,(Fennell, Jones et al. 1996; 
Brault, Driscoll et al. 1997) increasing the disc’s susceptibility to annular tears or 
herniation.(McNally, Adams et al. 1993) These loads are shared between the 
intervertebral discs, the posterior facets and the vertebral body. 
2.4.2 Mechanical Function of the Annulus Fibrosus 
The mechanical behaviors in the annulus fibrosus include a high tensile stiffness 
and strength, anisotropy and nonlinearity.(Wu and Yao 1976; Acaroglu, Iatridis et al. 
1995; Eberlein R, Holzapfel GA et al. 2001; Elliott and Setton 2001; Wagner and Lotz 
2004; Guerin and Elliott 2006; Guerin and Elliott 2007)  The annulus supports the large 
multi-directional loads encountered by the disc, such as tension, compression, shear, 
torsion, and bending. Uncrimping of collagen fibers are thought to contribute to the 
nonlinear behavior of the tissue.(Viidik 1973; Hansen, Weiss et al. 2002; Franchi, Trire et 
al. 2007)  The aligned, layered collagen fibers in the annulus contribute to the anisotropic 
behavior of the tissue.  The annulus fibrosus is attached to the vertebral body via the 
cartilage endplate, which significantly alters the boundary conditions that should be 
applied in mechanical testing. 
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The anterior annulus fibrosus from nondegenerate discs has been evaluated 
extensively in uniaxial loading in the circumferential, axial and radial orientations. 
(Acaroglu, Iatridis et al. 1995; Iatridis, Setton et al. 1998; Elliott and Setton 2001; Guerin 
and Elliott 2006)  These studies have shown the anisotropic behavior of the tissue in 
tension, where the tissue is an order of magnitude greater in the circumferential direction 
than in the radial direction.  However, no differences with orientation have been observed 
in the mechanical behavior of the annulus in compression.(Iatridis, Setton et al. 1998)  
Uniaxial loading of the tissue causes the collagen fibers to reorient in the direction of 
loading and degeneration significantly affecting the ability of the fibers to reorient; with a 
decrease in the fiber angle at a rate of 1.70 degree/%strain in nondegenerate discs and 
0.95 degree/%strain in degenerate discs (Figure 2-6).(Guerin and Elliott 2006)  The 
tensile modulus of the AF tissue has not demonstrated significant changes with 
degeneration in uniaxial loading; however, the tissue becomes stiffer under shear and 
confined compression.(Acaroglu, Iatridis et al. 1995; Iatridis, Setton et al. 1998; Iatridis, 
Kumar et al. 1999)  
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Figure 2-6: Optical image of a sample oriented in the circumferential direction under 
uniaxial tension (top).  The fiber angle 2φ  is calculated as the angle between the two fiber 
populations.  Under uniaxial tension, the fibers reorient towards the loading direction, 
decreasing 2φ  (bottom).(Guerin and Elliott 2006) 
The complex loading environment experienced by the disc in situ creates both 
compressive and tensile strains in the annulus, which may result in some regions of the 
tissue experiencing biaxial tensile strains (Figure 2-5).  Biaxial tensile testing is most 
widely applied to functionally evaluate cardiovascular fiber-reinforced tissues, 
(Humphrey, Strumpf et al. 1990; Sacks and Chuong 1993; Kang, Humphrey et al. 1996; 
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Sun, Sacks et al. 2005; Guo, Humphrey et al. 2007) and has been used much less 
frequently in the characterization of musculoskeletal tissues.(Bass, Ashford et al. 2004; 
Bruehlmann, Hulme et al. 2004)  Bruehlmann et al. evaluated the effect of biaxial loading 
on cellular level and observed that biaxial loading lengthens the cells in the intralamella 
space, while the interlamella cells are more rounded with loading.(Bruehlmann, Hulme et 
al. 2004)  Applying a fixed boundary to the annulus fibrosus increases the tissue stiffness 
compared to uniaxial testing, where the boundary that is transverse to the loading 
direction is free to deform.(Bass, Ashford et al. 2004)  Biaxial loading of the AF causes 
the tissue to behave significantly stiffer than uniaxial loading.  However, these two 
studies were limited to fixing the circumferential direction at a set strain, which may not 
represent a more dynamic change in two-dimensional strains experienced on the tissue. 
2.4.3 Mechanical Function of the Nucleus Pulposus 
Spine axial compressive loads are partially supported by the nucleus pulposus, 
(Laible, Pflaster et al. 1993; Natarajan, Andersson et al. 2002) and its mechanical 
function is determined by its composition.  As described above, the highly hydrated 
nucleus pulposus consists of randomly oriented collagen fibers embedded within a dense 
population of proteoglycans. The high fixed charge density from the proteoglycans is 
thought to attract water molecules through osmotic pressure, pressurizing the 
intervertebral disc.  Partial nucleotomy, removal of small amounts of nuclear material, 
results in no mechanical differences in the motion segment under axial compression, as 
the remaining nucleus is able to redistribute the remaining tissue to fill the void (Figure 
2-7 – middle row).(Brinckmann and Grootenboer 1991; Johannessen, Cloyd et al. 2006)  
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However, removing a large portion or the entire nucleus (approximately 50%) 
significantly alters the mechanical behavior of the remaining disc including a decrease in 
internal pressure and disc height, and an increase in deformation, flexibility and annulus 
bulging (Figure 2-7).(Panjabi, Krag et al. 1984; Goel, Nishiyama et al. 1986; Keller, 
Spengler et al. 1987; Seroussi, Krag et al. 1989; Brinckmann and Grootenboer 1991; 
Johannessen, Cloyd et al. 2006)  The results of these studies suggest that the nucleus 
pulposus is important in transferring loads through the disc at lower stresses while higher 
loads are supported more directly by the annulus. 
 
Figure 2-7: Optical (left column) and MR images (right column) of the control, partial and 
radical nucleotomy.(Johannessen, Cloyd et al. 2006) 
The mechanical properties of the excised nucleus pulposus material are 
determined through shear, unconfined and confined compression testing. (Iatridis, Setton 
et al. 1997; Johannessen and Elliott 2005; Johannessen, Cloyd et al. 2006)  Loss of 
proteoglycan in the nucleus, leads to altered mechanical behaviors such as decreased 
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swelling pressure, decreased compressive modulus, and increased shear modulus. (Urban 
and McMullin 1988; Iatridis, Setton et al. 1997; Sato, Kikuchi et al. 1999; Johannessen 
and Elliott 2005) These altered nucleus pulposus mechanics may affect load sharing 
interactions between the annulus and the nucleus and ultimately contribute to progression 
of disc degeneration. (Stokes and Iatridis 2004) These studies help to provide an 
understanding of the relationship between the altered mechanical properties and the 
compositional changes; however, they do not fully describe the function of the nucleus 
pulposus since the boundary conditions are altered.  As described above, the annulus 
constrains the nucleus, but it is not a fixed boundary as used in confined compression 
experiments.    
 
Figure 2-8: A) Increase in range of motion and neutral zone with full removal of the 
nucleus (radical).  B) No change in linear-region mechanical properties in compressive 
(Scomp) or tension (Stens). * denotes significance, p < 0.05.(Johannessen, Cloyd et al. 
2006) 
2.4.4 Mechanical Function of the Endplate 
The endplate functions in one of two possible pathways for nutrients and waste to 
flow into and out of the disc; however, degeneration results in thinning of the endplate 
and calcification, diminishing the flow of nutrients into the nucleus.(Bernick and Cailliet 
1982)  While there are many structural changes in the endplate, the mechanical function 
 18 
in healthy and degenerate tissue is not well understood.  Uniaxial tensile testing of the 
endplate suggests that the cartilaginous endplate above the annulus is anisotropic, similar 
to the annulus tissue.(Guerin, Heinly et al. 2008)  It is suggested that this anisotropy is a 
result of the orientation of the collagen fibers inserting into the endplate.  However, the 
mechanical behavior and any possible changes with degeneration may have little effect 
on the overall mechanical behavior of the disc, since the mechanical behavior of motion 
segments has been observed to be unaffected by removal of the vertebral body above the 
endplate.(van der Veen, van Dieen et al. 2007)  
2.5 Disc Degeneration  
Morphologically, degeneration is noted by an increase in fibrous tissue in the 
nucleus pulposus, loss of demarcation of the boundary dividing the nucleus and annulus, 
an increase in annular tears, and osteophytes on the vertebral bodies (Figure 2-9-Left 
column).(Thompson, Pearce et al. 1990; Adams, Bogduk et al. 2002) Although the 
annulus fibrosus and the nucleus pulposus function together to support and transfer the 
large, multi-directional loads encountered in daily living, the internal mechanics are not 
well understood because they cannot be easily visualized under load.  Low back pain and 
degeneration are thought to be due to or cause altered mechanical loading of the 
intervertebral disc.   
 Magnetic resonance images of the intervertebral discs changes with degeneration, 
as seen by the decrease in signal intensity, narrowing of the disc height, and osteophytes 
on the vertebral bodies (Figure 2-9).(Pfirrmann, Metzdorf et al. 2001)  The degenerative 
state of the disc is commonly graded on a five level scale, where the Thompson scale is 
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used for morphological sections of the disc and the Pfirrmann grading system is used for 
magnetic resonance images (Figure 2-9).(Thompson, Pearce et al. 1990; Pfirrmann, 
Metzdorf et al. 2001)  Since disc degeneration is a continuous process recent studies have 
attempted to rank degeneration on a more continuous scale using magnetic resonance 
relaxation times such as T2 and T1ρ (Figure 2-10)(Johannessen, Auerbach et al. 2006; 
Ludescher, Effelsberg et al. 2008; Nguyen, Johannessen et al. 2008) These relaxation 
times provide both a continuous grading scale and are significantly correlated to 
compositional changes in the matrix. 
 
Figure 2-9: Morphological changes with degeneration (left column).(Adams, Bogduk et al. 
2002) Degenerative changes in magnetic resonance images (right column, adapted from 
Pfirrmann et al, 2001). (Pfirrmann, Metzdorf et al. 2001) 
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Figure 2-10: Representative T1r weighted images (left) and the respective map (right) of a 
healthy spine from a 25-year old and B) a moderately degenerate spine from a 51-year old. 
(Johannessen, Auerbach et al. 2006) 
The water and proteoglycan content of the disc decreases with degeneration, 
significantly decreasing the osmotic pressure of the nucleus pulposus.(Nachemson, 
Schultz et al. 1979; Tsantrizos, Ito et al. 2005)  The decrease in pressure causes the 
annulus to support and transfer more of the spinal loads and causes an increase in annular 
tissue displacement.(Tsantrizos, Ito et al. 2005)   The lower internal pressure causes the 
inner annulus to bulge inward with degeneration.(Adams, Bogduk et al. 2002)  However, 
motion segment studies have found few differences in the overall mechanical properties 
of the disc with degeneration, which may be due to altered load sharing among the disc 
components (e.g. the nucleus and annulus fibrosus).   
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The prevalence of annular tears has been shown to increase with age and 
degeneration.(Videman and Nurminen 2004)  Tears in the annulus are classified as: 
circumferential, which are located between the lamella layers, radial tears, which are 
located across the lamellae layers, and rim lesions, which occur at the boundary of the 
annulus fibrosus and the endplate. Circumferential tears are the most predominant tear 
found in the annulus and are thought to have a minimal affect on the mechanical behavior 
of the intervertebral disc.(Vernon-Roberts, Fazzalari et al. 1997) However, radial tears 
most commonly occur in the posterior-lateral region,(Hirsch, Ingelmark et al. 1963; Osti, 
Vernon-Roberts et al. 1990; Vernon-Roberts, Fazzalari et al. 1997; Videman and 
Nurminen 2004) where peak stresses are highest (Edwards, Ordway et al. 2001) and are 
thought to be a cause for disc herniation.(Gordon, Yang et al. 1991; Kim 2000)  Rim 
lesions have been shown to occur more commonly in the anterior region (Schmorl and 
Junghanns 1971; Hilton, Ball et al. 1976; Osti, Vernon-Roberts et al. 1990) and 
significantly alter the biomechanics and flexibility of the motion segment.(Haughton, 
Schmidt et al. 2000; Thompson, Pearcy et al. 2000; Thompson, Pearcy et al. 2004)  
Degenerative changes in the intervertebral disc may contribute to altered load distribution 
among the disc components, increasing annular strains and leading to radial tears.  
2.6 Herniation and Discectomy 
A herniated disc is one where nuclear material extrudes from the disc boundary 
through a radial fissure in the posterior-lateral annulus. (Figure 2-11) The posterior 
annulus has been shown to have thinner individual layers and an overall thickness that is 
approximately 50% of the anterior annulus,(Markolf and Morris 1974; Cassidy, Hiltner et 
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al. 1989) and may be a cause for an increased occurrence in annular tears observed in this 
region. (Vernon-Roberts, Fazzalari et al. 1997)  Painful herniations, due to nuclear 
material extruding onto the spinal cord, are often treated by discectomy, a surgical 
procedure that removes the extruded tissue and up to 50% of the nuclear 
material.(Adams, McNally et al. 1996; Fountas, Kapsalaki et al. 2004)  Discectomy 
treatment further damages the annular structure by cutting through the posterior-lateral 
region of the disc to access the nucleus pulposus.  The annulotomy, incision through the 
annulus, has been suggested to alter disc mechanics in the absence of tissue 
removal.(Shea, Takeuchi et al. 1994) Removing nuclear material with a discectomy, 
further alters disc mechanics, including decreased pressure and height, increased endplate 
strain, increased deformation and flexibility, and increased annular bulging.(Goel, 
Nishiyama et al. 1986; Keller, Spengler et al. 1987; Brinckmann and Grootenboer 1991; 
Shea, Takeuchi et al. 1994; Vernon-Roberts, Fazzalari et al. 1997; Frei, Oxland et al. 
2001; Carlisle, Luna et al. 2005; Johannessen, Cloyd et al. 2006)   
 
Figure 2-11: Schematic of a herniated disc with the nuclear material extruding through the 
posterior-lateral annulus (purple arrow).  Modified from www.pages.drexel.edu. 
 23 
2.7 Mathematical Modeling of the Annulus Fibrosus 
Mathematical models are needed to interpret and elucidate the meaning of 
experimental measurements from mechanical tests.  Biological tissues are commonly 
modeled using either a phenomenological or a microstructural model.  Phenomenological 
models fit mathematical equations to experimentally observed phenomena and have been 
successful in modeling tendon, disc and cartilage tissue.(Monleon Pradas and Diaz 
Calleja 1990; Natali 1991; Garcia and Cortes 2006)  Microstructural models of soft 
tissues use the microscopic structures to explain the macroscopic stress-strain behavior of 
the tissue; however, the success of these models depends on the accuracy of the input 
values.  Microscopic properties of the fibers, such as crimp angle and the matrix are 
difficult to measure experimentally.   
Hyperelastic materials are a class of elastic materials for which there exists a 
potential energy function that is a positive definite scalar function of one of the strain or 
deformation tensors.  Collagenous soft tissues such as tendon, ligament, cardiovascular 
tissue, and the annulus fibrosus have been widely modeled using hyperelasticity.(Wu and 
Yao 1976; Humphrey, Strumpf et al. 1990; Humphrey, Strumpf et al. 1990; Natali 1991; 
Weiss, Maker et al. 1996; Quapp and Weiss 1998; Klisch and Lotz 1999; Elliott and 
Setton 2000; Kaliske 2000; Elliott and Setton 2001; Limbert, Middleton et al. 2003; 
Eberlein, Holzapfel et al. 2004; Holzapfel, Gasser et al. 2004; Wagner and Lotz 2004; 
Yin and Elliott 2005; Wagner, Reiser et al. 2006)  Fiber-reinforced anisotropic continuum 
models of the annulus,(Klisch and Lotz 1999; Elliott and Setton 2000; Elliott and Setton 
2001; Bass, Ashford et al. 2004; Bruehlmann, Hulme et al. 2004; Guerin and Elliott 
2007) tendon,(Puso and Weiss 1998) and cardiac tissues(Humphrey and Yin 1987; 
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Guccione, McCulloch et al. 1991; Bovendeerd, Arts et al. 1992) are based upon the 
classic work of Spencer.(Spencer 1984)  In this approach, the anisotropic behavior of the 
tissue is described using the principle invariants of the Green deformation tensor and 
structural tensors, which represent the collagen fiber populations.    
Phenomenological models have an advantage of describing tissue-level 
mechanical behavior without requiring difficult to measure material parameters, such as 
isolated fibers or matrix modulus, as are required for traditional mixture-based composite 
models.  This approach also suggests which material parameters in the strain energy 
function are most important to function and should therefore be replicated in designs for 
disc treatment.  Our lab has previously developed a nonlinear continuum model to 
quantify the contribution of fiber, matrix, and intra-lamella fiber-matrix interactions to 
annulus fibrosus mechanical function.(Guerin and Elliott 2007)  These studies used 
uniaxial tensile experiments; however, biaxial loading is more physiologically relevant.  
In cardiac tissue and tissue engineered constructs, the model parameters determined from 
uniaxial experiments were not able to predict the biaxial behavior well.(Sacks and 
Chuong 1993; Bass, Ashford et al. 2004; Guo, Humphrey et al. 2007)  
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Chapter 3: Internal Disc Strains Measured Noninvasively Using 
Magnetic Resonance Imaging  
3.1 Introduction 
The components of the intervertebral disc, such as the nucleus pulposus and 
annulus fibrosus, work together to permit flexibility of the spine and to support and 
transfer large multi-directional loads. Delineating the properties of the internal disc 
stress-strain environment is critical to understanding load transfer between the tissue 
components and for optimal treatments focused on reversing the mechanical breakdown.  
Progress toward understanding and treating degeneration has been hampered because the 
inner workings of the disc under load are not readily observed.   
Several motion segment studies have quantified external disc displacement and 
internal pressure; (Shah, Hampson et al. 1978; Reuber, Schultz et al. 1982; Stokes 1987; 
Brinckmann and Grootenboer 1991; McNally and Adams 1992; Holmes, Hukins et al. 
1993; Adams, McMillan et al. 1996; Edwards, Ordway et al. 2001; Costi, Stokes et al. 
2007) however, limited success has been achieved when attempting to quantify 
mechanical behaviors within the disc.  Finite element models have made progress 
towards elucidating internal disc mechanics,(Shirazi-Adl, Shrivastava et al. 1984; Goel, 
Monroe et al. 1995; Argoubi and Shirazi-Adl 1996; Eberlein R, Holzapfel GA et al. 
2001; Fagan, Julian et al. 2002) yet their predictions for internal behaviors are difficult to 
validate due to lack of experimental data.  There remains a critical need for quantitative 
measures of internal mechanical behavior of the disc under physiologic loading. 
Experimental studies have attempted to measure internal disc deformations using 
radiographic or optical imaging methods (Seroussi, Krag et al. 1989; Kusaka, Nakajima 
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et al. 2001; Meakin, Redpath et al. 2001; Tsantrizos, Ito et al. 2005; Costi, Stokes et al. 
2007)  Seroussi et al visualized internal deformations of the disc by placing metal beads 
in the intact disc using needles and tracking the beads on radiographs.(Seroussi, Krag et 
al. 1989)  Meakin et al and Ho et al extended this work using optical image tracking to 
follow the deformation of Alcian blue stain dots on sagittally bisected discs sealed 
against a sheet of transparent Plexiglas; however, internal strains were not 
measured.(Meakin, Redpath et al. 2001; Ho, Kelly et al. 2006)  More recently, Costi et al 
and Tsantrizos et al quantified intradiscal strains associated with bending loads using 
radiographs to track the deformation of thin wires inserted into human intervertebral 
discs.(Tsantrizos, Ito et al. 2005; Costi, Stokes et al. 2007) Kusaka and coworkers placed 
nylon threads into bovine tail discs and acquired magnetic resonance images under a 
compression load to infer internal disc movements in the sagittal plane from the thread 
cross-section.(Kusaka, Nakajima et al. 2001)     
All of these studies serve to advance our knowledge of internal disc mechanical 
behaviors.  While these techniques have generated important data, they are limited by the 
insertion of physical markers or disruption of the disc’s structural integrity.  Physical 
tracking markers may move separately from the disc material and their insertion, whether 
wires, threads, or beads, may alter the deformations within the disc. Tracking the 
movement of stain dots provides improvement over the use of metal beads; however, 
sagittal bisection of the disc likely depressurizes the nucleus and releases the 
circumferential pre-stress within the annulus fibrosus.   Furthermore, these studies 
primarily evaluate displacement only at the middle of the disc height, with sparse data 
toward the endplate boundaries. 
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The objective of this chapter was to directly quantify disc internal displacements 
and strains under axial compression using magnetic resonance imaging and texture 
correlation.  Texture correlation is a technique that can be used to determine 
displacements without the use of physical markers by matching unique pixel intensity 
patterns between two images before and after deformation.(Bay 1995; Bey, Song et al. 
2002)  The accuracy and reliability of this approach for soft tissue strain analysis with 
magnetic resonance images has been validated.(Bay 1995; Bey, Song et al. 2002)  
Various forms of texture correlation have been used to track deformations under applied 
load within bone, brain, tendon, cartilage, and cardiac tissues. (Bay 1995; Bay, Yerby et 
al. 1999; Bey, Song et al. 2002; Bey, Song et al. 2002; Wang, Deng et al. 2002; Gilchrist, 
Xia et al. 2004; Veress, Gullberg et al. 2005)  In this study, nondegenerate and 
moderately degenerate human bone-disc-bone motion segments were evaluated.  Two-
dimensional displacement, average strain, and the location and direction of peak strain 
were determined from mid-sagittal magnetic resonance images of the discs.  
Additionally, the ability of the technique to detect displacement within each of the disc 
substructures (e.g. annulus fibrosus, nucleus pulposus, vertebral body) was assessed by 
quantifying the strength of the matches made between the reference and loaded images. 
3.2 Materials and Methods 
3.2.1 Specimen Preparation 
Six human spine sections were obtained from an IRB approved tissue source 
(NDRI, Philadelphia, Pennsylvania).  T2-weighted images were obtained in order to 
determine degenerative grade based on the five-grade Pfirrmann scale and was averaged 
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across three independent graders (Table 3-1).(Pfirrmann, Metzdorf et al. 2001)  The 
homogeneity of signal intensity of the annulus fibrosus and nucleus pulposus, the bulge 
of the annulus into the spinal canal and the disc height were considered when grading the 
intervertebral discs.  For example, a disc with a bright signal in the nucleus pulposus and 
noticeable bulge of the posterior annulus was considered to have score of 3.  The score 
was higher if there was a decrease in disc height, increase in disc bulge or if the signal 
intensity became more inhomogeneous (Table 3-1; Figure 2-9).  
Grade Structure 
1
homogeneous, bright white, clear 
distinction between the annulus 
and nucleus
2
Inhomogeneous with or without 
horizontal bands
3 Inhomogenous, gray
4
Inhomogenous, gray to black, 
slight to moderatly decreased disc 
height
5
Inhomogenous, black, collapsed 
disc space
 
Table 3-1: Pfirrmann scale for grading T2-weighted magnetic resonance images of the mid-
sagittal section of the intervertebral disc. Adapted from Pfirrmann et al. (Pfirrmann, 
Metzdorf et al. 2001) 
Motion segments were prepared from level L1-L2 or L2-L3 (n = 7; 22- 77 years 
old, grades 1- 4).  The upper lumbar levels were chosen to minimize the effects of spinal 
curvature, allowing application of axial compression with minimal bending due to 
wedged-shaped discs.  The lumbar spine was dissected by removing the musculature and 
posterior facets, and bone-disc-bone motion segments were prepared by making parallel 
cuts through the vertebrae with a band saw.   
 29 
The bone-disc-bone motion segments were potted in polymethylmethacrylate 
(PMMA) bone cement.  A fluoroscope was used when potting the first vertebra to ensure the 
mid-disc height was level with the horizontal plane.  Samples were wrapped with gauze soaked 
in 0.1M phosphate buffered saline (PBS) to keep the sample hydrated during potting.  Once the 
bone cement was fully set (~40 minutes), the second vertebra was potted and spacers were used 
to keep the first potted side parallel to the table.   Samples were then refrozen until mechanical 
testing, at which point they were re-hydrated in a refrigerated saline bath for 15 hours prior 
to testing.  The sample was allowed 3 hours to equilibrate to room temperature before 
testing and was kept wrapped in saline-soaked gauze during imaging to prevent tissue 
dehydration.  
3.2.2 Magnetic Resonance Imaging Under Load 
A load frame was constructed of non-magnetic materials in order to apply axial 
compressive loads to the intervertebral disc while in the magnetic resonance scanner 
(Figure 3-1).  The load frame consists of a hydraulic cylinder (URR-17-1/2, Clippard 
Minimatic) connected to a pressurized nitrogen source.  Aside from the stainless steel 
cylinder, all remaining components of the frame were machined from either polyvinyl 
chloride plastic (PVC) or Delrin® plastic to minimize magnetic susceptibility artifacts.  
Magnetic resonance imaging has been used to acquire disc images using similar non-
magnetic compression frames; however, quantitative displacements and strains were not 
reported.(Chiu, Newitt et al. 2001)   
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Figure 3-1: Non-magnetic loading device with a hydraulic cylinder used to apply 
compressive loads to the sample. 
Magnetic resonance coils are designed to receive radiofrequencies that are 
specified to an element, such as the hydrogen proton for imaging water molecules.  A 
custom designed coil was used to acquire high resolution images with a high signal-to-
noise ratio (Figure 3-2).  The signal-to-noise ratio is a measure of the signal intensity of 
the region of interest (i.e. the annulus fibrosus or nucleus pulposus) divided by the signal 
intensity of the image background.  The large magnetic field of the magnetic resonance 
scanner causes the magnetic moment of protons within a sample to align (Figure 3-3 – 
µ(0) along the z-axis).  These protons precess around the field direction at a specific 
angular frequency when excited by the external magnetic field (i.e. the scanner; Figure 3-
3 – shown as B1).  In water, the hydrogen proton precesses at a frequency of 
42.6MHz/Tesla.  Therefore, an 80 mm surface coil was custom designed to receive 
frequencies at 128 MHz, which is the frequency of a proton excited by a 3 Tesla 
magnetic field (Trio, Siemens Medical Solutions; Figure 3-2).   
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Figure 3-2: Custom designed 80 X 80 mm surface coil, made from capacitors and one-way 
diode attached with nonmagnetic brass tape.  The black cord at the top of the image 
connects the surface coil to the MR scanner. 
 
Figure 3-3: A) Schematic of a proton (µ(0)) initially aligned with the external magnetic field 
(z-axis).  The proton is excited by applying a flip in the direction of the magnetic field (B1).  
B) The proton precesses around the external magnetic field (curved lines) to return to its 
initial state, resulting in a decay of signal in the magnetic resonance images. (Haacke, 
Brown et al. 1999) 
The sample was placed into the custom non-magnetic device described above.  
Imaging was performed on a high-field 3T MR scanner with a high resolution T2-
weighted turbo spin-echo sequence used to acquire a mid-sagittal image (512 x 512 
matrix size, TR = 3000 ms, TE = 113 ms, 10 averages, total scan time 12.5 min, 
resolution of 0.234 mm/pixel).  The resolution of the images was increased to 300 
pixels/mm (Photoshop Inc.).(Corl, Garland et al. 2002)  A 3 mm thick sagittal slice was 
 32 
acquired to obtain a reference image for texture correlation.  A 2 mm thick axial slice was 
acquired to calculate the disc area.   
3.2.3 Mechanical Testing 
Initially the motion segment was imaged under a minimal tare load of 20 N, which was 
applied manually by increasing the air pressure in the system (rate ≈ 4N/s).  A step input 
(~3 sec) was used to rapidly apply a compressive load of 1000 N which was maintained 
for 20 minutes, to allow for creep deformation, before repeating the imaging sequence 
described above to acquire a deformed mid-sagittal image.  Preliminary studies showed 
that 20 minutes provided sufficient creep deformation to minimize tissue movement 
during imaging, with only 0.08 mm (less than 1/3 pixel) displacement during the imaging 
time period (Figure 3-4).  In another preliminary study, two images were acquired 
without load and analyzed to determine the potential contribution of noise to strain 
measurements.  With an average signal-to-noise ratio of 13, noise in the image did not 
affect strain measurement. 
 
Figure 3-4: Creep displacement of a human disc under 1000 N compressive load.  Total 
displacement during imaging of the deformed image was 0.08 mm, less than 1/3 of a pixel. 
 33 
3.2.4 Assessment of Vic2D 
Two-dimensional Lagrangian strains were calculated from optical images using 
commercially available software, which uses texture correlation (Vic2D, Correlated 
Solutions Inc.).  Texture correlation is a technique used to determine displacements 
without the use of physical markers by matching unique pixel intensity patterns between 
images during deformation.(Bay 1995; Bey, Song et al. 2002)  A pixel match between the 
undeformed and deformed image is made by minimizing an objective function, for each 
node.  The measured displacements between nodal points are used to form the boundary 
of quadrilateral elements from which two-dimensional Lagrangian strain components can 
be calculated. Vic2D is a pattern matching algorithm which provides a strain resolution 
of ± 1/20 of a pixel.   
Prior to applying the correlation technique to images of the intervertebral disc, a 
parametric study was performed to select the optimal parameters for magnetic resonance 
images of the disc.  The subset, step and strain window size were varied on a 
representative sample.  The subset size controls the region of the image being evaluated 
to compare between the undeformed and deformed images.  The value of the subset size 
represents the width and height, in pixels, of the evaluated region (Figure 3-5).  The 
subset size must be large enough to ensure enough texture for evaluation, but small 
enough to converge to a unique solution (varied from 15 – 101 pixels). The step size 
determines how far apart the nodes are placed with smaller values creating a more dense 
grid pattern (varied from 2 – 16 pixels; Figure 3-5).  Finally, the strain window size is a 
smoothing function used in making the strain maps with a larger value representing an 
increase in the amount of smoothing in the strain maps, since the value indicates the 
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number of neighboring nodes used to calculate the derivative of the displacement and 
strain field (varied from 3 – 21 nodes).   
 
Figure 3-5: The parameters in Vic2D were optimized for magnetic resonance images of the 
intervertebral disc, with the anterior annulus as the region of interest (red box).  The 
yellow box represents the subset window. The yellow x's represent different nodes, which 
was varied with the step size.  Note: The image shown here does not represent the 
neighboring node in the data analysis, but is labeled further apart for clarity.   
Strain maps were analyzed for missing data points or default values (i.e. strains of 
0.4999 or 50%) in the strains.  Also, average strain and standard deviations were taken 
into consideration when selecting the appropriate parameter settings.  These measures 
were used to evaluate whether there was sufficient texture to accurately calculate 
deformations and to determine the optimal parameter settings.  Because the image 
resolution and tissue texture varies greatly depending on the image source and type of 
tissue, this type of parametric analysis should always be performed to select appropriate 
parameters and verify that sufficient texture is present within the tissue in order to 
achieve accurate results.   
 35 
3.2.5 Data Analysis  
The cross sectional area was calculated from the axial images by first manually 
selecting the boundary of the disc edge and the boundary between the nucleus pulposus 
and the annulus fibrosus (Figure 3-6, Matlab Inc. 6.5).  From this input, measurements 
were automatically made for the cross-sectional area of the disc.  The applied stress was 
calculated as the applied load (1000N) divided by the measured initial disc area. The 
Matlab code for the data analysis is provided in Appendix A. 
 
Figure 3-6: Representative axial magnetic resonance image with the disc area outlined in 
red.  The thin black outline represents the nucleus pulposus, which was used in another 
study. (O'Connell, Vresilovic et al. 2007) 
Calculation of the average disc height using the mid-sagittal images was 
performed using a similar program by selecting the boundary along the superior and 
inferior vertebrae and connecting the points at the anterior and posterior height to create 
the disc space area (Figure 3-7; Appendix A).  From this input, the anterior-posterior 
width was calculated at the mid-point of the anterior and posterior height.  The average 
disc height was calculated by dividing the total disc space area by the anterior-posterior 
width (Figure 3-7). 
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Figure 3-7: Representative image of a mid-sagittal magnetic resonance image from a 
nondegenerate sample. The white polygon outlines the disc space area. The average disc 
height is calculated by dividing the disc space area by the anterior-posterior width of the 
selected region. The dots represent the nodes from the ‘A’ outer and ‘B’ inner annulus 
used to calculate the inner and outer annulus fibrosus radial displacement, respectively.  
Two-dimensional internal displacements and strains of intact human motion 
segments were calculated from mid-sagittal magnetic resonance images acquired in the 
reference condition (20N) and in the loaded condition (1000N compression) using the 
strain analysis program described above.  The images were divided into four analysis 
zones: anterior annulus fibrosus, posterior annulus fibrosus, nucleus pulposus, and the 
vertebral body (Figure 3-8).    
 
Figure 3-8: Texture correlation was used to determine two-dimensional displacements on 
four sub-zones: anterior annulus fibrosus (AAF), posterior annulus fibrosus (PAF), 
nucleus pulposus (NP), and the vertebral body (VB).  The coordinate system was defined 
with x1 as the disc radial direction and x2 as the axial direction.  Solid white box in the 
anterior annulus region represents the subset size used for this study. 
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Axial displacement of the endplate, axial change in disc height, and the radial 
displacement at the mid-disc height were evaluated for the annulus fibrosus of 
nondegenerate and degenerate discs.  The outer and inner annulus radial displacement (i.e 
bulge) was calculated as the average of the displacement for nodes in the anterior and 
posterior annulus fibrosus at the outer and inner annular site (Figure 3-9).  The outward 
radial displacement provides a measure of the amount of disc bulging under load.  In the 
literature, the discs have been observed to have an increase in bulging with degeneration, 
which refers to a structural bulge of the disc rather than the one being measured in this 
study due to mechanical loading.   
Strain maps were created to visualize the two dimensional tissue strains and 
compare across specimens.  The locations of radial, axial and shear peak strains were 
determined, and the average strain components for each disc zone were computed. All 
strains were reported as a percent and the shear strain was reported as an absolute value.  
To evaluate the effect of water movement through the disc during the 20 minute hold and 
the scanning time, the signal intensity for the undeformed and deformed image was 
measured in the annulus fibrosus and nucleus pulposus (ImageJ 1.40g).  Possible failure 
of the endplate was evaluated using the measured axial displacements along the superior 
and inferior endplates.  The endplate was considered not damaged if the axial 
displacement remained linear with a constant or a gradual change along the endplate 
length.  Statistics were not performed on the measured parameters due to the small 
samples sized.  Parameters are reported as average ± standard deviation. 
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3.3 Results 
The lamellar architecture for the annulus fibrosus and the trabeculae within the 
vertebral bodies were clearly observed in the magnetic resonance images (Figure 3-7).  
Strain analysis was not performed in the nucleus pulposus of one of the discs, due to 
insufficient texture.  The 1000 N applied load corresponded to a compressive stress of 
0.74 ± 0.15 MPa, based on cross-sectional areas calculated from the axial reference MR 
images (Table 3-2).   The average disc height loss was 0.4 ± 0.2 mm, which corresponded 
to 4.4 ± 1.3% axial compressive strain (Table 3-2).  All components of strain in the bone 
were nearly zero (0.1 ± 0.2%, −0.1 ± 0.5%, 0.4 ± 0.2%, for radial, axial and shear, 
respectively, Figure 3-9), indicating that the majority of the deformations were confined 
to the intervertebral disc.  The signal intensity between the undeformed and deformed 
image had a maximum decrease of 14% with an average of 5.8%. Endplate failure was 
not observed in any of the discs.    
Age 
(years) Grade Area (mm
2
)
Applied 
Stress 
(MPa)
Compr. 
Strain (%)
Height loss 
(mm)
Outer AF 
Rad Disp. 
(mm)
Inner AF 
Rad Disp. 
(mm)
1 22 1.0 989 1.01 2.9 0.09 0.256 0.189
2 29 3.3 1268 0.79 2.8 0.43 0.290 0.086
3 40 2.0 1491 0.67 4.2 0.62 0.456 0.278
4 42 1.3 1381 0.72 4.5 0.53 0.449 0.340
5 52 3.7 1232 0.81 4.3 0.07 0.276 -0.105
6 52 4.0 1540 0.65 6.4 0.58 0.535 0.057
7 77 3.0 1800 0.56 5.6 0.45 0.45 0.263
Average
44.9         
(18.0)
1386             
(-259)
0.74             
(-0.15)
4.4                
(-1.3)
0.40                  
(-0.23)
0.387    
(0.110)
0.158     
(0.154)  
Table 3-2: Information regarding each sample, including age and grade, cross-sectional 
area, and applied stress.   The compressive strain and disc height loss were calculated 
from a single row of nodes at each endplate.  Radial displacement average of anterior and 
posterior annulus fibrosus (AF) for outermost and innermost nodal point at mid-disc 
height.  Mean (standard deviation). 
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Figure 3-9: Representative strain maps of a nondegenerate sample showing A) radial, B) 
axial and C) shear components. Features noted in the text are shown by the black arrows. 
3.3.1 Parametric Study 
From the parametric study, all four tissue regions provided sufficient texture for 
analysis.  Missing data points or default values were observed in strain maps with small 
 40 
subset or step size.  The average strain values were most sensitive to the subset size.  As 
the subset size increased, the average strain plateaued and stabilized with a decrease in 
the standard deviation (Figure 3-10).  The average strains stabilized for each tissue zone 
evaluated at a subset size of 41, 51, or 61 pixels; therefore, a size of 61 pixels was 
selected for strain analysis in all zones (Figure 3-7 – small white box).   
 
Figure 3-10: Parametric study result for effect of subset size.  Average radial strain values 
with standard error bars.  The average strain stabilized for all tissue zones evaluated at 61 
pixels (black oval).  The standard error also decreased with increasing subset size.  
Similar trends seen for axial and absolute shear plots (data not shown). 
As the step size or strain window size increased, the standard deviation decreased 
and the integrity of the strain maps improved.  However, an excessive increase in the step 
size or strain window size decreased or eliminated the local strain details.  The analysis 
showed that optimal settings included a step size of 8 pixels and a strain window size of 
11 pixels, based on the integrity of the strain maps and the standard deviation (Figure 3-
11).   
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Figure 3-11: Parametric study results for the effect of step size on average radial strain 
values (selected value circled).  
3.3.2 Radial Displacement 
Radial displacement at the mid-disc height was examined for both the anterior and 
posterior annulus fibrosus to determine the magnitude and direction of annular bulging.  
The average radial displacement of the outer annulus fibrosus was 0.36 ± 0.10 mm (Table 
3-2), calculated as the average radial displacement for nodes from the outer anterior and 
posterior annulus.  Outward bulging of the outer annulus was observed in all samples 
save for the anterior region of one moderately degenerate disc (Figure 3-12 - #5).  The 
average radial displacement of the inner annulus fibrosus was 0.16 ± 0.16 mm (Table 3-
2).  Note that the average inner annulus radial displacement was an outward bulge for six 
of the seven samples.  While three of the degenerated discs exhibited inward bulging of 
one side of the annulus fibrosus, the other side was larger and outward in two of the 
samples (Figure 3-12 - # 2 & 6).  The third sample also had a large outward bulge; 
however, it was not as large as the inward bulging on the anterior annulus (Figure 3-12 - 
#5).   
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Figure 3-12: Radial displacements in the anterior and posterior annulus fibrosus (AF) at 
the mid disc height, with outward displacement as positive and inward (toward the 
nucleus) displacement as negative. Numbers in the graph represent sample numbers used 
in Tables 3-2. 
3.3.3 Internal Strains 
The average radial strain for the discs was 2.6% in the anterior annulus, -0.04% in 
the nucleus pulposus and 1.6% in the posterior annulus (Table 3-3).  The annulus fibrosus 
contained peak radial strain regions of tension ranging from 1 to 19% and/or compression 
ranging from 1 to 6% that were often banded vertically (Figure 3-9, 3-13 and 3-14, 
arrows, Table 3-4).  The nucleus pulposus had vertical bands of radial tensile strains that 
ranged from 3 to 10% and peak compressive strains from 2 to 10%.  The site of the peak 
strain is denoted by an asterisk in Figures 3-9, 3-13 and 3-14.    
The axial strains were large and compressive along a horizontal band at the mid-
disc height.  The average axial strain was 5.9% in the anterior annulus fibrosus and 3.4% 
in the posterior annulus (Table 3-3).  The peak strains ranged from 2 to 25% throughout 
the disc (Figures 3-9, 3-13 and 3-14, arrow, Table 3-4).  Tensile strains occurred near the 
endplates in five of the seven discs, with peak strains ranging from 0.2 to 5% (Figures 3-
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9, 3-13 and 3-14, asterisk).  The peak compressive strain tended to be higher in the 
anterior annulus (11 ± 7%) compared to the posterior annulus (6 ± 3%; Table 3-4).  The 
average axial strain in the nucleus pulposus was 4.0% and the peak compressive strain 
was 8 ± 4%. 
The shear strain was highest near the endplates and at the inner annulus locations, 
with an average shear strain of 5.0% in the anterior annulus fibrosus, 3.3% in the nucleus 
pulposus and 2.6% in the posterior annulus (Table 3-3).  The peak shear strain ranging 
from 5 to 26% at the anterior annulus, 3 to 18% in the nucleus and 1to11% at the 
posterior annulus (Figures 3-8, 3-12 and 3-13, arrows, Table 3-4).  The peak shear strain 
was higher in the anterior annulus (11 ± 7%, n=7) compared to the posterior annulus (6 ± 
3%).  
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Figure 3-13: Radial, axial, and shear strain maps of the AAF and PAF for a moderately 
degenerate disc (# 2 in Tables).  All strains are represented as a percent of strain. Peak 
strain locations are denoted by an asterisk and features described in the text are denoted 
by a solid arrow.  Note that the zero strain location changes for each strain component. 
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Figure 3-14: Radial, axial, and shear strain maps of the AAF and PAF for a degenerate disc 
(# 6 in Tables).  Peak strain locations are denoted by an asterisk and features described in 
the text are denoted by a solid arrow.  Note that the zero strain location changes for each 
strain component. 
3.4 Discussion 
In this chapter, two-dimensional internal displacements under compression were 
measured non-invasively by applying texture correlation to magnetic resonance images of 
non-degenerate and degenerate bone-disc-bone motion segments.  Nodal displacements 
were used to calculate two-dimensional Lagrangian strain components of the mid-sagittal 
plane.  The applied load (1000 N, ~1.2x body weight) corresponded to 0.74 MPa applied 
compressive stress (Table 3-2), representing moderate to low physiological stresses 
encountered while sitting or walking.(Wilke, Neef et al. 1999)  
The radial displacements at the mid-disc height were evaluated for the outer and 
inner annulus fibrosus boundary.  The observed outward bulge of the outer annulus 
fibrosus was as expected based on the compression of a thick walled vessel that has been 
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predicted in models.(Lin, Liu et al. 1978; Spilker 1980; Natali 1991)  The magnitude of 
annulus outward bulge (0.4 mm) was similar to values reported by previous studies: 0.3-
0.6 mm.(Shah, Hampson et al. 1978; Reuber, Schultz et al. 1982; Brinckmann and 
Grootenboer 1991; Shea, Takeuchi et al. 1994; Meakin and Hukins 2000)  The radial 
displacement of the inner annulus was outward for six of the seven samples, Table 3-2.  
Nucleus pulposus pressurization causes the outward radial bulge of the inner annulus that 
would otherwise be predicted to be inward in the absence of a pressurized center based 
upon previous denucleation studies and predicted by finite element models.(Seroussi, 
Krag et al. 1989; Kasra, Shirazi-Adl et al. 1992; Meakin and Hukins 2000; Meakin, 
Redpath et al. 2001)  While the inner annulus fibrosus deformed inward, towards the 
nucleus in some degenerated samples, the other side was outward and of a high 
magnitude, Figure 3-11.  This may be due to the nucleus pulposus shifting under applied 
load, as previously observed on axial magnetic resonance images during 
bending.(Tsantrizos, Ito et al. 2005)  The outer annulus outward displacement was larger 
than the inner annulus displacement, which requires tensile radial strains in a volume 
conserving system, as was observed in Figure 3-8, 3-12 and 3-13 (Radial, arrows). 
Tensile radial strains are produced when the outer annulus fibrosus boundary 
deforms outward more than the inner annulus, which can be observed as vertical bands in 
Figures 3-8, 3-12 and 3-13.  It is thought that radial tears begin at the inner annulus and 
progress toward the outer boundary;(Koeller, Funke et al. 1984; Osti and Fraser 1992; 
Vernon-Roberts, Fazzalari et al. 1997) therefore, these peak tensile strains may contribute 
to radial tears and herniations.  Matrix stiffness increases with degeneration,(Iatridis, 
Setton et al. 1998; Guerin and Elliott 2006) which may be a remodeling response to 
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reduce the tensile radial strain and protect the inner annulus from radial tears.  Nearby 
regions of compressive strain were also observed (negative radial strain).  The strain 
environments encountered by annular cells in these adjacent tensile and compressive 
annulus fibrosus regions are quite different.  Even though the effect of the strain 
environment on cell function is unknown, it would be difficult to detect by assays which 
pool cells across the annulus.   
Tensile axial strain had peaks toward the endplate and shear strains had peaks 
toward both the endplate and the inner annulus fibrosus.  The peak strains at the endplates 
are likely due to the annular curvature, which is large at both the inner and outer annulus 
fibrosus, and due to the oblique fiber angle where the collagen fibers insert into the 
endplate and vertebral body.  Large interlamellar shear stresses along the boundary of the 
inner most layer of the annulus fibrosus and the endplate have been predicted from finite 
element models with applied compression loads, and are consistent with the site of large 
shear strains observed in this study.(Goel, Monroe et al. 1995; Eberlein R, Holzapfel GA 
et al. 2001)  Compressive axial strains were highest along the mid-transverse plane.  The 
cause of the horizontal banding within the annulus axial strain map is unknown and has 
not been predicted by finite element models.  It is likely that effects of lamella curvature 
and material inhomogeneity, not included in finite element models, may account for this 
difference, further emphasizing the utility of direct internal strain measurement to 
compare with finite element models.   
The use of texture correlation analysis on magnetic resonance imaging of the 
intervertebral disc was verified through a parametric study.  The ability to find a unique 
match between reference and deformed image pairs is dependent upon the inherent 
 49 
texture of the images.  While the accuracy and reproducibility of this approach has 
previously been assessed and validated,(Bey, Song et al. 2002) no gold standard exists to 
compare with the internal displacements and strains measured in this study.  However, 
the whole disc displacements and strains compare well to those reported for motion 
segment testing.  There was a 0.1-0.6 mm decrease in disc height which corresponded to 
3-6% compressive strain, and is comparable to model predictions of a disc height loss of 
0.5 – 0.7mm under 1000N of compression.(Shirazi-Adl, Shrivastava et al. 1984; Goel, 
Monroe et al. 1995; Fagan, Julian et al. 2002) similar to this study.  Disc height loss of 
0.8-1.5 mm has been reported by previous experimental studies under similar 
loads.(Nachemson, Schultz et al. 1979; Tencer, Ahmed et al. 1982; Seroussi, Krag et al. 
1989; Adams, McMillan et al. 1996; Dhillon, Bass et al. 2001)  These somewhat higher 
values are likely due to the use of crosshead displacement, which overestimates disc 
tissue strain.(Stokes 1987)  Other explanations may be inclusion of the neutral zone in the 
cited studies, which the 20 N tare load likely eliminated in the present study (0.1-0.3 mm 
neutral zone displacement occurs between 0-20 N), differences in applied loading 
protocols.  The compression modulus, calculated as stress/strain, was 19 ± 9 MPa, and 
was within the range of previous human motion segment studies.(Brown, Hansen et al. 
1957; Brinckmann and Grootenboer 1991; Shea, Takeuchi et al. 1994; Elliott and Sarver 
2004)  In general, the whole disc displacement, stress, strain, and modulus was 
representative of human data in the literature.   
The methods used in this study are subject to some limitations.  Viscoelastic creep 
during image acquisition was reduced by allowing 20 min of creep prior to acquisition; 
however, based on preliminary studies, approximately 0.08 mm of additional creep 
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during the imaging time could have affected the internal deformations (Figure 3-3).  
Water movement through the disc while under compression, was not thought to affect the 
strain analysis due to the image being acquired in a steady state condition, due to the 
small drop in signal intensity between images.  In addition, a small sample size was used 
in this study which prevented statistical comparisons.  However, the focus of the current 
chapter was to establish the methods that will be applied in the studies presented in 
Chapters 4 through 6.  Furthermore, the upper levels were used for this study and 
subsequent chapters will use the lower lumbar levels to study the degenerative changes of 
internal tissue strain, and extend the analyses of the strain distribution beyond the peak 
and average values reported here so that qualitative observations (e.g. vertical banding of 
strain regions) can be quantitatively expressed.  
In conclusion, this was the first study to utilize magnetic resonance imaging to 
non-invasively measure internal strains within the intact human intervertebral disc.  The 
strain values and gradients measured in this study provide preliminary data that can be 
used to validate and improve predictions of disc finite element models.  This technique 
provides a method to examine the interactions of the disc components under load.  In the 
following three chapters, this technique will be utilized to evaluate the effects of 
degeneration, annulotomy and discectomy on the internal deformations of the human 
intervertebral disc under axial compression in the flexion, neutral and extension 
orientations. Ultimately, magnetic resonance imaging and texture correlation may be used 
to measure intradiscal strain fields under a variety of loading conditions such as bending 
or torsion, and could also be used to study the mechanical effects other clinical 
interventions, which is discussed further in Chapter 11.   
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Chapter 4: Effect of Degeneration and Location on the Internal 
Disc Strains Under Compression and Bending 
4.1 Introduction   
As described in Chapter 2, degeneration of the intervertebral disc is noted by an 
altered composition (i.e. water and glycosaminoglycan content), a decrease in disc height 
and pressure, and an increase in structural bulging and annular tears.(Reuber, Schultz et 
al. 1982; Adams and Hutton 1985; Urban and Roberts 1995; Vernon-Roberts, Fazzalari et 
al. 1997) (Friberg 1948; Horton 1958; Schmorl and Junghanns 1971; Rothman 1973; 
Nachemson, Schultz et al. 1979; Vernon-Roberts, Moore et al. 2007)  Knowledge of  the 
altered internal disc mechanics with degeneration is critical to understanding changes in 
the annulus fibrosus and nucleus pulposus material properties and the load transfer 
between these tissues.  Moreover, understanding the internal mechanical environment can 
help focus treatment strategies for reversing the loss in disc mechanical integrity.   
The intervertebral disc experiences complex loading conditions in vivo, including 
combinations of axial compression, flexion, extension, lateral bending and shear.  Even 
simple axial compression creates complex tissue loading within the disc through the 
pressurized nucleus pulposus, which transfers mechanical loads to tensile stresses in the 
annulus fibrosus.  Bending alters the load sharing between the nucleus pulposus and 
annulus fibrosus as the annulus experiences more direct compression on one side and 
perhaps tension on the other side due to the internal pressure.  Furthermore, a pressurized 
nucleus pulposus, which has been observed to shift toward the opposite side of 
loading,(Tsantrizos, Ito et al. 2005) may cause added strains in the opposite side of the 
annulus fibrosus.  A combination of a high bending moment in flexion coupled with axial 
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compression can result in posterior annular failure and extrusion of nuclear 
material.(Adams and Hutton 1982; Shirazi-Adl 1989)  Therefore, it is critical to evaluate 
the internal mechanics of the disc under bending conditions to better understand the 
mechanical behaviors leading to failure and herniation.  
Previous experimental studies have used radiographic or optical imaging methods 
to visualize internal displacements of the disc by either tracking metal beads or wires in 
the intact disc using radiographs.(Seroussi, Krag et al. 1989; Tsantrizos, Ito et al. 2005; 
Costi, Stokes et al. 2007)  These studies were able to demonstrate that both inner and 
outer annulus bulge radially outward and the nucleus migrates within the disc 
space.(Seroussi, Krag et al. 1989; Meakin and Hukins 2000; Meakin, Redpath et al. 2001) 
However, as noted in Chapter 3, they were limited by the insertion of physical markers or 
disruption of the disc’s structural integrity. 
The changes observed with degeneration may affect how the disc absorbs and 
transfers daily loads.  Previous motion segment studies have observed an increase in 
deformation and the range of motion in bending;(Krismer, Haid et al. 2000) however, the 
effect of the degeneration on the individual components in situ is not well understood, 
due to a lack of internal disc mechanics in the literature.  The work presented in Chapter 
3, used a high-resolution magnetic resonance sequence to image the disc mid-sagittal 
section under axial compression.  Furthermore, Chapter 3 established the use of texture 
correlation to measure internal deformations of the vertebral body, nucleus pulposus and 
the annulus fibrosus in axial compression.  The objective of this study was to evaluate the 
internal mechanics of the disc under conditions of axial compression in flexion, neutral 
and extension by using texture correlation on magnetic resonance images to calculate 
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strains at a mid-sagittal section and to determine the effects of degeneration on internal 
strains. We hypothesize that degeneration will increase the magnitude of internal strains 
in the annulus fibrosus and nucleus pulposus, and that the internal strains will increase on 
the side of the applied bending load.   
4.2 Materials and Methods   
4.2.1 Specimen Preparation and Grading Degeneration 
Fourteen human spine sections were obtained from an IRB approved tissue source 
(NDRI, Philadelphia, Pennsylvania).  T2-weighted images were obtained to determine 
degenerative grade based on the Pfirrmann scale (Table 3-1).(Pfirrmann, Metzdorf et al. 
2001)  While grading intervertebral disc degeneration using T2-weighted MR images is 
currently the ‘gold standard’, it is limited by its integer scale and intra-observer 
variability.  Therefore, in addition to the Pfirrmann scale, the T1ρ relaxation time was 
determined to provide a more continuous scale of degenerative state with little inter- or 
intra-observer variability.(Johannessen, Auerbach et al. 2006)  T1ρ-mapping provides a 
continuous quantitative measure of degeneration, and the T1ρ time has a strong positive 
correlation to the proteoglycan content in the nucleus pulposus (r = 0.70) and a strong 
negative correlation to the T2 grades (r = -0.75; Figure 4-1).  Therefore, a lower T1ρ 
relaxation time represents a more degenerate disc with a lower proteoglycan 
content.(Johannessen, Auerbach et al. 2006)  
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Figure 4-1: Correlation between the T1ρ relaxation time and degenerative grade for samples 
used in this study (filled circles) and a previous study from our laboratory (open 
circles).(Johannessen, Auerbach et al. 2006)  
To determine the T1ρ relaxation time, a series of T1ρ-weighted images were 
acquired using five turbo spin-lock times.  The magnetic resonance signal decays 
exponentially with time (Figure 4-2) and is described by Equation 4.1,  
! 
S(TSL) = S0 *exp
("
TSL
T1#
)
 
where So is the magnetization or signal intensity at time at 0 msec, TSL is the turbo spin-
lock time (1, 10, 20, 30 and 40 msec), and T1ρ is the relaxation time. The average signal 
intensity of a circular region of interest in the nucleus pulposus was measured with 
ImageJ for the same region across the five images (i.e. imported stack; ImageJ 1.40g).  
The T1ρ relaxation times were determined by a linear regression of signal intensity data to 
the exponential decay function (Equation 4.1), and the relaxation time is specific to the 
tissue properties.   
(4.1) 
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Figure 4-2: Schematic showing the decay of the magnetization. The solid line represents 
the S(TSL) equation used to fit to the signal intensities from the five acquired T1ρ-
weighted images (black diamonds). 
Bone-disc-bone motion segments were prepared by removing the muscles and 
facet joints from level L3-L4 and/or L4-L5, as described in Chapter 3 (n = 20; 22- 80 
years old, T1ρ times = 45.6 – 146 msec, T2 grades = 1 – 4.3) and potted in 
polymethylmethacrylate (PMMA) bone cement.  A fluoroscope was used during potting 
to ensure the mid-disc height was level with the horizontal plane.  The samples were 
wrapped in gauze, hydrated in a refrigerated 0.1M PBS bath overnight, and allowed to 
equilibrate to room temperature three hours prior to testing.  The saline-soaked gauze was 
kept wrapped around the disc during imaging to prevent tissue dehydration.  
4.2.2 Imaging under Mechanical Load 
The non-magnetic loading device used in Chapter 3 was used to apply axial 
compressive loads to the intervertebral disc while in the scanner.  The high resolution 
magnetic resonance images were acquired using the same image parameter settings 
described in Chapter 3.   
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Samples were tested in a random order under axial compression in flexion, neutral 
and extension positions.  The bending loading positions were achieved by adding a 5o 
plastic wedge into the loading device. The mid-sagittal section of the disc was imaged for 
all loading conditions, and a mid-coronal section was acquired for the neutral position 
(Figure 4-3).  Samples were preconditioned with 5 cycles from 0 - 20N and preloaded for 
5 minutes at 20N.  A reference (i.e. undeformed) image was acquired while the disc was 
under the nominal 20N compressive load in flexion, neutral, or extension.  A 1000N 
compressive load was applied rapidly (~3 sec) and maintained for 20 minutes before 
repeating the imaging sequence to acquire a deformed image. Samples were allowed to 
recover in a refrigerated phosphate buffered saline bath for eight hours between tests.  
Preliminary studies observed full recovery of the disc height and mechanics from 33 
minutes of loading within eight hours of recovery (Figure 4-4). 
 
Figure 4-3: Optical image of lumbar intervertebral disc. Black dashed rectangles represent 
the sagittal and coronal imaged slices. Slices are drawn to scale. 
 57 
 
Figure 4-4: A) Linear-region stiffness for recovery groups 0, 1, 4, 8, 12, 16 and 24 hours.  
The average initial stiffness (1550 N/mm) is represented by the solid line. B) Height loss 
after recovery. The average (black diamonds) and standard deviations (vertical lines) are 
shown in the figure, with * denoting significance from the initial condition. (O'Connell, 
Jacobs et al. 2009) 
4.2.3 Data Analysis 
The reference and deformed images were used to calculate the internal tissue 
displacements and two-dimensional Lagrangian strains using Vic2d (Correlated 
Solutions, Inc.).  Strain analysis was performed in three regions of interest within the 
disc, including the nucleus pulposus and the posterior and anterior annulus fibrosus.  
Similar to the methods used in Chapter 3, the coordinate system was aligned with the 
spinal axis; therefore, radial strains were oriented across lamellae layers and axial strains 
were along the spinal axis.  All strains were reported as a percent and shear strains were 
reported as an absolute value.  The strain distribution was plotted on a histogram with 10 
bins and the frequency was normalized to itself in order to compare across disc regions. 
The radial bulge for the inner and outer annulus was calculated as the average 
radial displacement of the node at the mid-disc height from the posterior and anterior AF 
(Figure 4-5) and as the average displacement of the node at the mid-disc height from the 
lateral annulus.  A positive average displacement represented an outward radial bulge 
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from the nucleus pulposus.  The nucleus pulposus translation was calculated as the 
difference in the radial displacement of the nodes from the inner anterior and posterior 
annulus fibrosus with respect to the translational shift of the outer annulus as shown in 
Equation 4.2, where ΔB and ΔA is the radial displacement between the reference and 
deformed image of the inner and outer annulus, respectively, and the subscript a and p 
represent the anterior and posterior annulus, respectively.  A positive value indicated the 
nucleus moved towards the anterior. 
Ap BaBp Aa
radial
axial
 
Figure 4-5: Representative MR image of a nondegenerate sample. The dots represent the 
nodes from the (A) outer and (B) inner AF used to calculate the inner and outer AF radial 
bulge, respectively. The white polygon outlines the disc space area used to calculate the 
average disc height, by dividing the area by the anterior-posterior width of the selected 
polygon. 
 )AA()BB(NP papantranslatio !"!"!"!=  
A custom program was used to calculate the average disc height of the reference 
and deformed images (Matlab Inc. 7.0.1).  The boundary of the superior and inferior 
vertebrae was selected manually and connected at the anterior and posterior to create a 
disc space area (Figure 3-7).  The average disc height was calculated by dividing the total 
disc space area by the anterior-posterior width of the polygon, which was measured at the 
mid-point of the anterior and posterior height.  The change in disc height was normalized 
(4.2) 
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by dividing the difference between the undeformed and deformed disc height by the 
undeformed disc height. 
4.2.4 Statistical Analysis 
 A Shapiro-Wilk normality test was performed to determine if the data followed a 
Gaussian distribution. Since multiple parameters were found to have a non-Gaussian 
distribution, nonparametric tests were performed for this study and for the following 
chapters.   
To evaluate the effect of degeneration, a Spearman’s correlation was performed 
on the average, maximum and minimum strains, disc height, normalized disc height, 
nucleus pulposus shift and radial displacement with respect to the T1ρ relaxation time.  
Correlation values greater than 0.7 were considered strong, between 0.5 and 0.7 were 
considered moderate, and less than 0.5 were considered weak.(Devore 1991)  The value 
of internal strain for nondegenerate and degenerate discs was calculated using T1ρ values 
of 150 msec and 50 msec, respectively.   
To evaluate the effect of loading condition (flexion, neutral, extension) and disc 
region, a Friedman’s test with repeated measures was on performed the average, 
maximum and minimum strains within each disc region.  A Dunn’s post-hoc test was 
performed once significance was found.  The effect of disc region was also evaluated 
using the two orientations acquired under neutral compression.  A Wilcoxon matched-
pairs test was performed to compare the inner and outer annulus fibrosus radial 
displacement and the strains in the nucleus pulposus from the mid-sagittal and the mid-
coronal plane of the nucleus pulposus. Since the posterior elements are removed during 
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dissection, it was not possible to identify the true left and right lateral annulus fibrosus.  
Therefore, the internal strains of the annulus fibrosus from the mid-coronal section were 
pooled for correlations with degeneration. Significance was set at p ≤ 0.05 for all 
statistical analysis. 
4.3 Results   
4.3.1 Effect of Degeneration 
4.3.1.1 Actual and Normalized Change in Disc height 
The initial disc height was 11.0 mm (interquartile range = 9.7 to 12.8 mm) and 
decreased with degeneration (p < 0.01, r = 0.60; Figure 4-6). The change in disc height 
under load was 0.63 mm (0.48 to 0.80 mm, pooled median and range, n = 60) and was not 
dependent on degeneration (p > 0.1).  However, the normalized change in disc height 
increased with degeneration for all loading conditions (p ≤ 0.03, r ≥ 0.50; Figure 4-6).  
The normalized change in disc height ranged from 3 to 8% for nondegenerate discs and 
from 5 to 17% for degenerate discs (n = 80; Figure 4-7).  The observed difference in 
significant correlation between the directly measured and normalized change in disc 
height in bending under flexion is due to the decrease in the initial disc height coupled 
with the trend for an increase in the change of disc height with degeneration; both 
resulting in an increase in the Δh/ho ratio (Δh = change in disc height and ho is the initial 
height).   
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Figure 4-6: Initial disc height (ho) is strongly correlated with the T1ρ relaxation time.  The 
information for the correlation line is shown in the figure. 
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Figure 4-7: Normalized change in disc height correlated with T1ρ relaxation time for 
deformations in the mid-sagittal plane under the flexed (F, triangles), neutral (N, square) 
and extended (E, circles) positions. * p < 0.05. 
4.3.1.2 Radial Bulge 
The radial bulge at the mid-disc height of the inner and outer annulus fibrosus was 
outward along the anterior and posterior direction for the majority of the discs; however, 
approximately 10% exhibited a negative or inward displacement of the inner annulus 
fibrosus (Figure 4-8 – negative radial displacement values).  The radial bulge of the inner 
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and outer lateral annulus fibrosus was not dependent on degeneration (p > 0.1 for mid-
sagittal and mid-coronal planes). 
 
Figure 4-8: Correlation of the inner annulus fibrosus radial displacement with the T1r 
relaxation time for axial compression with flexion (F, diamonds), neutral (N, squares) and 
extension (E, circles). No significant correlations with degeneration (p > 0.1). 
4.3.1.3 Nucleus Pulposus Translational Shift 
The translational shift of the nucleus pulposus was calculated as the difference 
between the outward radial displacements of the inner anterior and posterior annulus 
fibrosus.  In Chapter 3, three of the seven samples had an inward displacement on one 
side of the annulus fibrosus coupled with a greater outward radial displacement on the 
opposite side, which is calculated as the translational shift of the nucleus in this chapter. 
In flexion, the nucleus pulposus movement was not dependent on degeneration (p = 0.14; 
Figure 4-9).  In the neutral position, the magnitude of nucleus pulposus translational 
movement was relatively low, with the nucleus in nondegenerate disc moving 0.32 mm 
(T1ρ = 150 msec) to the posterior and the nucleus of degenerate discs moving 0.36 mm 
(T1ρ = 50 msec) to the anterior annulus (p = 0.02, r = -0.53; Figure 4-9).  In extension, the 
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amount of movement of the nucleus in degenerate discs (1.05 mm) was larger than the 
shifting observed in nondegenerate discs (0.02 mm; p < 0.01, r = -0.60; Figure 4-9).   
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Figure 4-9: Correlation of the nucleus translational shift with T1ρ relaxation time for axial 
compression with flexion (F, triangles), neutral (N, dotted line – no data points shown) and 
extension (E, circles). * p ≤ 0.02. 
4.3.1.4 Internal Strains 
Representative mid-sagittal strain maps of axial, radial and shear strains for three 
different discs under flexed, neutral and extended loading positions are shown in Figure 
4-10.   One degenerate sample had a void in the nucleus, resulting in a lack of tissue for 
strain analysis, and a separate degenerate sample had insufficient tissue on one of the 
lateral sides of the annulus fibrosus.  Therefore, the nucleus and the one lateral annulus 
fibrosus strain results were excluded.  The radial, axial and shear strain in the bone was 
less than 0.5% for all loading conditions and did not change with degeneration. 
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Figure 4-10: Representative strain maps of three samples under flexion (1st column), 
neutral (2nd column) and extension (3rd column) compression. Axial strains (1st row) are 
observed as horizontal bands of tensile and compressive strains. Radial strains (2nd row) 
were observed as vertical bands of high tensile and compressive strains.  High shear 
strains were observed near the endplates (3rd row).  The anterior annulus fibrosus is on 
the left side of the image.  Note that the 0% strain position changes in each strain map. 
The axial strains tended to have horizontal bands of both tensile and compressive 
strains with large strains near the mid transverse plane (Figure 4-10 – 1st row).  For all 
loading positions, the average axial strain became more compressive by 3 to 6% with 
degeneration in the anterior annulus fibrosus and the nucleus pulposus (i.e. mid-sagittal 
and mid-coronal plane; p ≤ 0.05, r ≥ 0.45), except for the anterior annulus in the flexed 
position (Figure 4-11; Table 4-1).  The average axial strain in the posterior annulus 
fibrosus was highly compressive in the neutral and extended positions and was not 
dependent for any loading position (p ≥ 0.15; Figure 4-11).   
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Figure 4-11: Correlation of the average axial strain for the anterior annulus fibrosus (AAF, 
filled symbols) and posterior annulus (PAF, open symbols) in the A) neutral, B) extended 
and C) flexed loading positions. * = p < 0.05. 
Generally, the axial strains were highly compressive with some tensile axial strains in 
anterior annulus fibrous under the bending positions (Table 4-2). In the neutral position, 
the maximum axial strain in the nucleus and posterior annulus changed from tensile in 
nondegenerate discs to compressive in degenerate discs (p < 0.01).  The minimum axial 
strain in the anterior annulus was more compressive with degeneration. Similar 
observations were observed in the extended position, where the maximum axial strain in 
the anterior annulus was less tensile and the minimum axial strain in the anterior annulus 
and nucleus pulposus were more compressive with degeneration (p ≤ 0.04).  In the flexed 
position, there were no significant correlations with the peak axial strains with 
degeneration.   
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Loading AAF NP PAF AAF NP PAF
Flexion                                  
ND = -1.30        
D = -0.20     
r = -0.02
ND = 2.58        
D = -0.32     
r = 0.20
ND =4.68        
D = 0.03            
r = 0.33
ND = -12.2        
D = -18.4     
r = 0.30
ND = -8.60        
D = -13.80     
r = 0.27
ND = -3.80        
D = -11.67     
r = 0.34
Neutral   
ND =4.46        
D = 0.46         
r = 0.41
ND = 3.50         
D = -1.50         
r = 0.59
ND = 3.24         
D = -2.76         
r = 0.47
ND = -9.12     
D = -15.1     
r = 0.56
ND = -8.63        
D = -12.28     
r = 0.35
ND = -9.85        
D = -17.6           
r = 0.12
Extension            
ND = 5.50      
D = 1.50         
r = 0.46
ND = 2.25        
D = 0.46          
r = 0.34
ND = -4.79        
D = -3.19     
r = -0.27
ND = -1.53     
D = -10.5     
r = 0.62
ND = -6.47     
D = -10.5     
r = 0.59
ND = -13.46        
D = -14.94     
r = 0.02
Axial
MinimumMaximum
 
Table 4-2: Correlation results (r) for the maximum and minimum axial strain.  Values 
provide information for a T1ρ time of 150msec for nondegenerate discs (ND) and a T1ρ time 
of 50msec for degenerate discs (D).  Highlighted boxes represent a significant correlation, 
p ≤ 0.05. 
Generally, the distribution patterns for the magnitude of the radial strains were 
observed as vertical bands of both tensile and compressive strains (Figure 4-10 – 2nd 
row). The average radial strain (see Table 4-1 for average strain correlations) in the 
anterior annulus was significantly correlated with degeneration in the neutral position; 
going from slightly compressive in nondegenerate discs (-1%) to tensile in degenerate 
discs (4%; p < 0.01, r = -0.60; Figure 4-12A).  The posterior annulus was not correlated 
with degeneration and was quite highly tensile across all levels of degeneration (Figure 4-
12A).  In the extended position, the average anterior annulus radial strain followed the 
same pattern as in neutral, becoming more tensile with degeneration (p < 0.01; r = -0.71, 
Figure 4-12B).  However, in the extended position, the posterior annulus had the opposite 
effect and was less tensile with degeneration (p < 0.01; r = 0.61, Figure 4-12B).  The 
annulus fibrosus average radial strains did not correlated with degeneration in the flexed 
position (Figure 4-12C).  For the nucleus, unlike axial strain, which correlated with 
degeneration under all loading positions, no correlations were observed for the nucleus 
pulposus radial strain with degeneration. 
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Figure 4-12: Average radial strain in the anterior (AAF – filled) and posterior annulus 
fibrosus (PAF – open symbols) in the A) neutral, B) extended and C) flexed positions.  * p < 
0.05.  
Generally, the magnitude of the maximum radial strain (i.e. tensile) was greater than the 
minimum radial strain (i.e. compressive; Table 4-3).  There were only two correlations of 
maximum radial strain with degeneration (Table 2) and these were for annulus fibrosus regions 
on the opposition side of the loading position.  In the flexed position, the maximum radial strain 
in the posterior annulus became more tensile with degeneration, reaching 11.4% (p = 0.01, r = -
0.55), and in the extended position, the maximum radial strain in the anterior annulus was more 
tensile with degeneration, reaching 12.7% (p < 0.01, r= -0.69).   For the minimum radial 
strain, only the posterior annulus in the extended position was correlated with 
degeneration; where the minimum radial strain changed from tensile in nondegenerate 
discs to compressive in degenerate discs (p < 0.01; Table 4-3).  
 69 
Loading AAF NP PAF AAF NP PAF
Flexion                                  
ND = 15.0        
D = 14.0    
r = 0.14
ND = 12.95        
D = 12.35            
r = -0.07
ND = 1.41      
D = 11.4          
r = -0.55
ND = -2.13        
D = -4.10     
r = 0.17
ND = -5.18        
D = -7.13     
r = 0.44
ND = -4.83        
D = -8.59         
r = -0.15
Neutral   
ND = 1.75         
D = 19.8            
r = -0.41
ND = 13.1        
D = 11.2             
r = 0.12
ND = 20.4        
D = 21.2           
r = 0.07
ND = -3.62        
D = -10.12     
r = 0.44
ND = -6.25        
D = -11.75     
r = 0.17
ND = -27.6        
D = -19.0         
r = 0.10
Extension            
ND = -4.26         
D = 12.7            
r = -0.69
ND = 7.85        
D = 9.95             
r = -0.01
ND = 16.25        
D = 11.25          
r = 0.36
ND = -7.49        
D = -5.09     
r = -0.27
ND = -5.82        
D = -8.52     
r = 0.23
ND = 4.54     
D = -9.46         
r = 0.64
Maximum Minimum
Radial
 
Table 4-3: Correlation results (r) for the maximum and minimum radial strain.  Values 
provide information for a T1ρ time of 150msec for nondegenerate discs (ND) and a T1ρ time 
of 50msec for degenerate discs (D).  Highlighted boxes represent a significant correlation, 
p ≤ 0.05. 
Shear strains were highest near the endplates for all loading conditions and the 
average shear strain ranged from 2.5 to 4% (Figure 4-10 – 3rd row).  The average shear 
strain for the nucleus pulposus decreased with degeneration in extension and the mid-
coronal plane under the neutral position (range = 1.2-6.1%; p ≤ 0.05, r ≥ 0.46; Table 4-1).  
There were no other significant correlations of the average shear strain with degeneration 
in the mid-sagittal or mid-coronal plane.  The maximum shear strain for the anterior 
annulus was approximately 2.5X higher with degeneration in the neutral position (p = 
0.02, r = -0.53), with no other significant correlations with degeneration (Table 4-4).   
Loading AAF NP PAF
Flexion                                  
ND = 7.57        
D = 10.2  
r = -0.19
ND = 6.71        
D = 9.70         
r = -0.40
ND = 6.15        
D = 9.65            
r = -0.43
Neutral   
ND = 6.09     
D = 13.1         
r = -0.53
ND = 8.32        
D = 8.19            
r = 0.08
ND = 10.5        
D = 7.75           
r = 0.18
Extension            
ND = 4.25        
D = 10.25         
r = -0.40
ND = 10.81        
D = 7.23              
r = 0.37
ND = 9.53        
D = 7.64           
r = -0.19
Shear
Maximum
 
Table 4-4: Correlation results (r) for the maximum shear strain.  Values provide information 
for a T1ρ time of 150msec for nondegenerate discs (ND) and a T1ρ time of 50msec for 
degenerate discs (D).  The highlighted box represents a significant correlation, p ≤ 0.05. 
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4.3.2 Effect of Loading Condition 
4.3.2.1 Disc Height, Radial Bulge and Nucleus Pulposus Shift 
The actual and normalized change in disc height was not dependent on loading 
condition (i.e. flexion, neutral or extension).  In the mid-sagittal plane, the radial bulge of 
the inner annulus fibrosus in the anterior-posterior direction ranged from 0.19 to 0.34 mm 
(for all loading positions) and was 50-70% less than the outer annulus radial bulge (p < 
0.02; range = 0.28 – 0.49 mm; Figure 4-13 – double dagger).  The inner annulus fibrosus 
radial bulge was not dependent on loading condition (Friedman’s p = 0.05), and the outer 
annulus fibrosus radial bulge in the extended position was 40% less than the bulge in the 
neutral position (p < 0.05; Figure 4-13 - asterisk). The direction of the nucleus pulposus 
movement was dependent on the loading position; where the nucleus moved 0.75 mm 
(interquartile range = 0.14 to 1.26 mm) towards the posterior annulus fibrosus under the 
flexed position and 0.70 mm (0.05 to 1.14 mm) towards the anterior annulus in the 
extended position (p < 0.001; Figure 4-14).  
 
Figure 4-13: Median and interquartile range of for the radial bulge along the anterior-
posterior direction for the inner (white) and outer (grey) annulus fibrosus under all three 
loading positions. ‡ denotes significance between the inner and outer annulus and * 
represents significant across connected loading conditions. 
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Figure 4-14: Median and interquartile range of the translational shift of the nucleus 
pulposus. * denotes significance across loading conditions (p < 0.05). 
4.3.2.2 Internal Strains 
The axial strains followed a Gaussian distribution in the anterior annulus fibrosus, 
while the axial strains in the posterior annulus were more evenly distributed for all 
loading conditions (Figure 4-15).  The sequence of flexion, neutral and extension also 
showed a gradual shift in the average and minimum axial strain in the annulus (Figure 4-
16A & 4-17A). The average axial strain for the anterior annulus fibrosus became less 
compressive from flexion (median (interquartile range) = -7.5% (-10.1 to -6.4%)) to 
extension (-0.9% (-4.2 to 0.5%)), while the reverse was observed in the posterior annulus 
fibrosus, with an average axial strain of -1.9% (-5.0 to -0.2%) in flexion and -9.4% (-10.3 
to -7.6%) in extension (p < 0.05).  In the nucleus pulposus, no differences were observed 
for the average or maximum axial strain with loading position; however, the minimum 
axial strain was more compressed in neutral and flexion (-11% for both) than in extension 
(-8%; p < 0.05; Figure 4-17A). 
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Figure 4-15: Distribution of axial strains for a representative sample in the anterior annulus 
(left column) and the posterior annulus (right) for the flexed (A, B), neutral (C, D) and 
extended (E, F) positions. 
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Figure 4-16: : The average strain for the A) axial, B) radial and C) shear strain components 
are shown for the  anterior AF (    ), NP (    ) and posterior AF (    ).  * denotes significance 
difference with the neutral (N) position, and ‡ above the extended (E) position denotes a 
significant difference with the flexed (F) position.  
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Figure 4-17: Median of the maximum and minimum strain for the A) axial and B) radial 
strain components are shown for the anterior AF (    ), NP (    ) and posterior AF (    ). For 
the maximum strains, significant differences with the neutral (N) position are represented 
by †, and differences between the flexed (F) and extended (E) position is represented by ‡.  
For the minimum strains, significant differences with neutral position are represented by 
€, and differences between the flexed and extended position is represented by £. 
The average, maximum and minimum radial strain followed a Gaussian 
distribution and showed a gradual shift when comparing the sequence of flexion, neutral 
and extension (Figure 4-18). In the anterior annulus fibrosus, the average radial strain 
became less tensile from flexion (median (interquartile range) = 4.8% (3.2 to 6.4%)) to 
extension (-1.7% (-3.5 to 0.4%); Figure 4-16B & 4-17B; p < 0.05).  In the anterior 
annulus, the maximum radial strain followed a similar behavior as the average radial 
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strain, where the maximum radial strain became less tensile from flexion to extension 
(Figure 4-17B).  The posterior annulus fibrosus followed a comparable pattern, where the 
average radial strain became more tensile from flexion (-1.0% (-3.4 to 1.6%)) to 
extension (5.5% (2.2 to 9.4%)), and the maximum and minimum radial strain behavior 
was analogous to the average strain (Figure 4-16B & 4-17B).  There were no significant 
differences in the nucleus pulposus average, maximum or minimum radial strains with 
loading position.   
 
Figure 4-18: Distribution of the radial strain in the anterior (left column) and posterior 
(right column) annulus fibrosus from the same representative sample under flexion (A, B), 
neutral (C, D) and extension (E, F) positions. 
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The shear strains tended to be distributed evenly; however, some distribution plots 
did show peaks, such as the posterior annulus in flexion and the anterior annulus in 
extension (Figure 4-19).  The average shear strain was 3.3% while the maximum was 
8.6% for the three regions and loading positions (n = 177).  The average and maximum 
shear strain in the anterior annulus fibrosus was significantly greater in neutral 
compression than the bending conditions; however, this increase in strain was less than 
1% (p < 0.05; Figure 4-16C). The average and maximum shear strain was not dependent 
on loading position in the nucleus pulposus and posterior annulus fibrosus. 
 
Figure 4-19: Distribution of the shear strain in the anterior (left column) and posterior 
(right column) annulus fibrosus from the same representative sample under flexion (A, B), 
neutral (C, D) and extension (E, F) positions. 
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4.3.3 Effect of Disc Region 
In the neutral position, magnetic resonance images were oriented along the mid-
sagittal and the mid-coronal plane (Figure 4-3) and the effect of spatial location within 
the disc was determined.  There was no significant difference between the outward radial 
bulge of the inner and outer annulus in the anterior-posterior (i.e. mid-sagittal) or lateral 
(i.e. mid-coronal) directions (p > 0.2; Figure 4-20).  The radial, axial and shear strain 
patterns and strain distributions in the mid-coronal plane were similar to the strain 
patterns observed in the mid-sagittal plane (Figure 4-21 & 4-22).  Furthermore, the 
average, maximum and minimum strains in the nucleus pulposus did not change with the 
imaging plane (p ≥ 0.08). 
 
Figure 4-20: Median and interquartile range of the radial displacement of the A) inner 
annulus fibrosus (AF) and B) outer annulus fibrosus from the mid-sagittal and mid-coronal 
planes of the disc.  No differences were observed for the inner or outer 
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Figure 4-21: Representative strain map for the radial, axial and shear strain components of 
in the neutral position for the mid-sagittal and mid-coronal planes of the same sample. 
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Figure 4-22: Histograms showing the frequency of the strain values in the mid-sagittal (left 
column) and mid-coronal (right column) of the nucleus pulposus in the neutral position. 
The internal strains of the anterior and posterior annulus were compared to 
determine the effect of spatial location within the annulus for all loading positions.  In 
bending and neutral positions, the average radial and axial strains differed from the 
anterior and posterior annulus fibrosus.  In the flexed position, the average and maximum 
radial strain in the posterior was less tensile than in the anterior annulus fibrosus (p < 
0.01; Figure 4-16A and 4-17A– statistics not shown).  In contrast, in the extended 
position, the average and maximum radial strain in the posterior was more tensile than 
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the anterior annulus fibrosus.  In flexed position, the average and minimum axial strain in 
the posterior annulus was 50-60% less compressive than the anterior annulus fibrosus, 
and in the extended position, the average and minimum axial strain was 2-6X more 
compressive in the posterior annulus (p < 0.05; Figure 4-16A and 4-17A, statistics not 
shown).   
In the neutral position, the outward radial displacement of the inner and outer 
annulus and the internal strains were evaluated across annular regions.  The outward 
radial displacement of the inner and outer annulus was lower in the posterior annulus than 
in the anterior or lateral annulus fibrosus (Figure 4-23).  Differences were observed in the 
radial and axial strain with the circumferential location of the annulus fibrosus (i.e. 
anterior, posterior and lateral), where the average axial strain in the posterior annulus was 
40-45% more compressive than in the anterior and lateral annulus fibrosus (p ≤ 0.04; 
Figure 4-23A). Similarly, the average radial strain in the posterior annulus fibrosus (3.9% 
(0.8 to 7.6%); p < 0.01) was 4X greater than the lateral and anterior annulus fibrosus 
(Figure 4-23B).  The maximum axial strain was more tensile in the lateral annulus (4.2% 
(0.7 to 7.0%)) than in the posterior annulus (-0.9% (-3.1 to 2.5%)) and not significantly 
different from the anterior annulus fibrosus (p < 0.02).  There were no differences 
observed in the average or maximum shear strain.   
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Figure 4-23: Outward (i.e. positive) displacement of A) the inner (AF) and B) the outer 
anterior, posterior and lateral annulus fibrosus in the neutral position. * denotes 
significance across groups. 
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Figure 4-24: Average A) axial and B) radial strain in the annulus fibrosus in the neutral 
position.  * denotes significant differences between groups, p < 0.05. 
4.4 Discussion   
Two-dimensional internal displacement and strain of nondegenerate and 
degenerate discs were calculated non-invasively using magnetic resonance images of the 
samples compressively loaded in flexion, neutral and extension.  The axial compressive 
load of 1000 N (~1.2x body weight) corresponds to moderate physiological 
stresses.(Wilke, Neef et al. 1999)  T1ρ relaxation times were used as a quantitative scale 
of degeneration, since T1ρ relaxation times have a strong correlation to 
glycosaminoglycan content, which decreases with degeneration (Figure 4-
1).(Johannessen, Auerbach et al. 2006) The disc height loss measured in this study (0.62 
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mm) is similar to observations by Nachemson et al (0.5 - 0.8 mm); however, the values 
measured in this study were not dependent on degeneration, which is likely due to the 
initial disc height decreasing with degeneration.(Nachemson, Schultz et al. 1979)  While 
there is little data for the change in radial bulge with degeneration, the outer annulus 
radial displacement measured in this study is comparable to previous experimental 
studies for compression and bending by Seroussi et al and Shah et al for flexion and 
compression: 0.5 to 1.2 mm.(Shah, Hampson et al. 1978; Seroussi, Krag et al. 1989; 
Heuer, Schmidt et al. 2008)  The direction and magnitude of nucleus pulposus movement 
measured in this study is similar to observations made by Tsantrizos et al (0.85 
mm).(Tsantrizos, Ito et al. 2005)   
Degeneration significantly altered the radial and axial strains, especially in 
bending.  The average radial strain in the anterior annulus fibrosus of nondegenerate discs 
was compressive and became tensile with degeneration (Table 4-1).  In addition, the axial 
strain was 2X more compressive with degeneration in many disc regions (Table 4-1), 
which is likely due to the degenerated nucleus being unable to effectively transfer loads 
and possibly buckling the annulus fibrosus tissue.  The annulus fibrosus is a nonlinear, 
anisotropic, heterogeneous tissue with a Young’s modulus in the radial direction that is 
lower in tension (0.14 - 0.35 MPa) than compression (0.56 - 1.10 MPa).(Iatridis, Setton et 
al. 1998; Guerin and Elliott 2006)  Therefore, these increases in tensile radial strain with 
degeneration may cause circumferential tears, and the increases in the axial compressive 
strain may cause radial tears.  
The static compression data from this study suggests that bending from flexion to 
extension causes a significant translational shift in the nucleus from the posterior to the 
anterior, altering the radial and axial strains in the annulus.  The side of bending (i.e. 
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posterior annulus in flexion or the anterior annulus in extension) had higher tensile radial 
strains and compressive axial strains, while the opposite side had lower magnitude of 
radial and axial strains (Figure 4-15 & 4-16).  These results suggest that bending loads 
applied to the disc dramatically alter the internal strain environment.  For example, 
bending of nondegenerate discs caused tensile axial strains in the annulus tissue opposite 
to the side of bending (Table 4-3 – extension in the anterior annulus).  The alteration in 
the internal strain behavior could only occur through the pressurized nucleus of 
nondegenerate discs, because the internal strains of degenerate discs did not follow the 
same behavior.  Therefore, a pressurized nucleus pulposus is critical in disc load 
distribution.  
The posterior-lateral annulus fibrosus is the most common site for disc herniation; 
therefore, understanding the degenerative changes is crucial to understanding what may 
cause failure of the tissue (e.g. radial tears). In the neutral position, the magnitude of the 
posterior annulus radial and axial strains were up to 4X greater than the anterior and 
lateral annulus fibrosus.  In flexion, the nucleus pulposus moved 0.70 mm towards the 
posterior annulus fibrosus, and Wilke et al observed a 30% increase in the internal 
pressure of the disc during bending.(Wilke, Neef et al. 2001)  The mechanical properties 
of excised tissue from the posterior annulus have been observed to be weaker than the 
anterior annulus along the circumferential direction, but not in the radial 
direction.(Acaroglu, Iatridis et al. 1995; Fujita, Duncan et al. 1997)  The structural 
differences between the anterior and posterior annulus fibrosus include a thinner overall 
thickness and more disorganized lamellae than the anterior annulus.(Cassidy, Hiltner et 
al. 1989)  The increase in internal pressure, radial and axial strain and the translational 
shift in the nucleus pulposus coupled with the structural differences supports the idea that 
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the posterior annulus fibrosus would be more likely to have a full thickness radial tear 
due to an accumulation of microfractures; causing herniation of the nuclear material.  
Moreover, the increased tensile radial strain and compressive axial strain may lead to an 
increase in the structural bulge (i.e. bulging under no load) observed in more degenerate 
discs.  
The mid-coronal and mid-sagittal planes of the disc were evaluated in the neutral 
position.  The radial displacement of the inner and outer annulus fibrosus did not vary 
from the mid-sagittal and mid-coronal planes.  However, this does not suggest that the 
disc has a uniform outward radial displacement, since the radial displacement of the 
anterior annulus was greater than the posterior annulus (Figure 4-23).(Seroussi, Krag et 
al. 1989)  No differences were observed in the internal strains of the nucleus pulposus for 
the mid-coronal and mid-sagittal sections, which supports the idea that the nucleus 
pulposus is homogeneous in composition and mechanics. 
The current study is subject to some limitations.  Since a two-dimensional 
imaging sequence was used, the internal strains were analyzed only at the mid-sagittal 
slice and mid-coronal plane.  Bending was applied using a point-load technique through 
the wedge instead of bending about the axis of rotation of the disc.  It is possible for some 
anterior-posterior tissue movement along the mid-coronal plane due to the wedge 
technique; therefore, the mid-coronal plane was not evaluated under bending to limit the 
amount of tissue movement through the imaging slice. Three-dimensional imaging of the 
disc would allow for a complete analysis of the internal disc mechanics under more 
complex loading conditions, such as shear and torsion. Furthermore, the bending was 
applied during the preload; therefore, the reference image already included the effect of 
the 5o wedge.  While this technique does not allow for analysis of bending from a 0o 
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neutral position, it is comparable to the in vivo situation when bending to lift a heavy 
object where the person is already bent and applies additional loading to the spine.   
This study used a non-invasive technique to evaluate the degenerative effect of 
the internal mechanics of the disc under physiological levels of compression and bending.  
The change in radial strain of the annulus fibrosus from compression to tension and 
increase in the axial strain magnitude suggest that the mechanisms of load distribution 
through the disc subcomponents are altered with degeneration, likely due to the 
depressurization of the nucleus pulposus shifting more of the applied load directly to the 
annulus fibrosus.  Moreover, the posterior annulus experiences an increase in tensile 
radial strain and higher compressive axial strain in extension, which may be a result of, or 
a cause for, radial tears and circumferential delamination.(Vernon-Roberts, Moore et al. 
2007)  In conclusion, this study provides insights into internal disc strains and changes 
with degeneration and loading position, provides data useful for validation of finite 
element models, and provides a technique and baseline data for evaluating surgical 
treatment, such as discectomy or implants. In the next two chapters, this technique will be 
used to further analyze the changes in internal disc strains following annulotomy and 
discectomy. 
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Chapter 5: Posterior-Lateral Annulotomy Does Not Affect the 
Mid-Sagittal Disc Strain  
5.1 Introduction  
Disc degeneration is noted with an increase in defects of the annulus fibrosus; 
most commonly in the form of rim lesions, radial and circumferential tears (Figure 5-1).  
The number of annular tears increases dramatically with age, with approximately 50% of 
intervertebral discs showing signs of an annular tear by 35 years.(Vernon-Roberts, Moore 
et al. 2007)  Radial tears occur almost entirely in the posterior region of the disc, alter the 
stress distribution within the disc, are associated with an increase in flexibility of the 
spine, and are correlated with the degenerative state of the nucleus.(Osti and Fraser 1992; 
Haughton, Schmidt et al. 2000; Thompson, Pearcy et al. 2000; Thompson, Pearcy et al. 
2004)  Radial tears are thought to originate from the boundary of the nucleus pulposus 
and the annulus fibrosus and progress outward towards the outer annulus.   
 
Figure 5-1: Schematic of a sagittal (top) and a transverse section (bottom) of the disc.  The 
filled in spaces represent rim lesions, radial and circumferential tears.  Adapted from Osti 
et al. (1992).(Osti and Fraser 1992) 
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Annulotomy, an incision through the annulus fibrosus, is performed during 
discectomy procedures to remove loose nuclear material from a herniated disc.  Previous 
experimental studies have evaluated the effect of radial tears on the mechanical behavior 
of the intervertebral disc by performing an annulotomy.(Ahlgren, Vasavada et al. 1994; 
Natarajan, Chen et al. 2000; Thompson, Pearcy et al. 2000)  Various incision techniques 
are used clinically, including circular, square, slit or cruciform, and it has been suggested 
that the type of incision used may significantly impact the mechanical behavior of the 
disc or lead to reherniation.(Hirsch, Ingelmark et al. 1963; Ebeling, Kalbarcyk et al. 
1989; Jonsson and Stromqvist 1993; Ahlgren, Vasavada et al. 1994; Herron 1994; 
Ahlgren, Lui et al. 2000)  Annulotomy has been observed to decrease the internal 
pressure and increase the axial and torsion flexibility.(Kaigle, Holm et al. 1997; Ahlgren, 
Lui et al. 2000)  In contrast, other experimental studies have shown no significant 
differences in the mechanical behavior of the disc in shear or bending.(Panjabi, Krag et 
al. 1984; Kaigle, Holm et al. 1997)  Finite element models have been utilized to evaluate 
various incision methods and reported very little effect on the flexibility of the disc in 
compression, flexion and extension (Figure 5-2).(Natarajan, Andersson et al. 2002)  
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Figure 5-2: The effect of four different incision types on the biomechanical properties of 
the intervertebral disc under compression (top), flexion and extension (bottom).  
Annulotomy alone caused very few changes in the deformation and flexibility of the 
motion segment.  Adapted from Natarajan et al (2002).(Natarajan, Andersson et al. 2002)  
 In Chapter 6, the changes of internal strains due to discectomy treatment will be 
evaluated.  Since the changes in the internal strains may be due either to the damaged 
annulus or the removal of nuclear material, the objective of this chapter is to evaluate the 
internal strains of the mid-sagittal plane following annulotomy at the posterior-lateral 
annulus to test the hypothesis that there will be no significant change in internal strains at 
the mid-sagittal region of the disc.  
5.2 Materials and Methods 
 Seven intact motion segments that were used in Chapter 4 were rehydrated with 
half of the samples randomly designated for annulotomy (n = 4; age = 41.5 ± 9.5; T2 
grade = 1.3 – 4.0, T1ρ relaxation time = 64 – 128 msec).  The other samples were used as 
intact controls (n = 3; age = 42.7 ± 18.6; T2 grades = 1.3 – 3.0, T1ρ relaxation time = 91 – 
123 msec).  A cruciform incision was made into the posterior-lateral annulus by a 
neurosurgeon with a #10 scalpel blade.  A full thickness cut was made through the 
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annulus and no nuclear material was removed.  Fresh saline soaked gauze was applied to 
keep the sample hydrated during mechanical testing, which was performed within 1 hour 
after the annulotomy.   Samples were then retested in the neutral orientation to evaluate 
the mid-sagittal region of the disc.  The same image parameter settings and mechanical 
testing conditions as described in Chapter 4 were used in this study (512 x 512 matrix 
size, TR = 3000 ms, TE = 113 ms, slice thickness = 3 mm, 10 averages, total scan time 
12.5 min, SNR ≈ 13, resolution = 0.234 mm/pixel). 
 Two-dimensional Lagrangian strains were calculated for the average, maximum 
and minimum radial, axial and shear strain components in the nucleus pulposus, the 
anterior and posterior annulus.  The actual and normalized change in disc height and the 
radial displacement of the inner and outer annulus were measured as described in Chapter 
4.  A paired t-test was used to compare radial displacement, average, maximum and 
minimum strain from the intact control and annulotomy group with the initial condition 
from Chapter 4.  A parametric analysis (e.g., paired t-test) was performed in this study 
rather than a nonparametric analysis (e.g., Wilcoxon pairs test), since nonparametric 
analyses are less likely to find significance with a small sample size.(Hopkins 2000) 
Significance was set at p ≤ 0.05. 
5.3 Results 
No visual defects were observed in the magnetic resonance image of mid-sagittal 
plane in the annulotomy group, which was expected since the annulotomy was performed 
in the posterior-lateral region of the annulus (Figure 5-3).  The motion segments had a 
disc height loss of 0.47 ± 0.13 mm for the intact condition, 0.65 ± 0.21 mm for the 
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control group, and 0.44 ± 0.21 mm for the annulotomy group.  The motion segments had 
a normalized change in disc height of 4.3 ± 1.2% for the intact condition, 5.1 ± 3.4% for 
the control group, and 3.7 ± 1.7% for the annulotomy group.  No significant difference 
was observed for the actual or normalized change in disc height for the control or 
annulotomy group (p > 0.1). 
 
Figure 5-3: Reference magnetic resonance images of a representative sample in the A) 
intact condition and B) after annulotomy.  No obvious defects were observed in the MR 
images from the annulotomy group. 
5.3.1 Radial Displacements 
The intact control group had an inner radial displacement of 0.28 ± 0.02mm and 
an outer radial displacement of 0.45 ± 0.10mm.  The inner and outer annulus radial 
displacement was not significantly different from the initial intact experiment from 
Chapter 4 (p ≥ 0.2).  In the annulotomy group, the intact discs had an inner annulus radial 
displacement of 0.28 ± 0.17mm and the outer annulus radial displacement was 0.44 ± 
0.15mm.  After the annulotomy, the radial displacement of the inner and outer annulus 
was 0.25 ± 0.18mm and 0.41 ± 0.16mm, respectively. There was no significant difference 
for the inner and outer annulus radial displacement with annulotomy (p ≥ 0.6). 
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5.3.2 Internal Strains 
There were few significant differences observed in the internal strains from the 
paired t-test analysis of the initial condition from Chapter 4 to the intact control group or 
the annulotomy group.  The average radial strain of the intact control group had a 
statistically significant decrease in the nucleus pulposus compared to the initial condition; 
however, the difference was less than 0.35% (Table 5-1; Figure 5-4).  The annulotomy 
group had no significant differences in the average radial strain compared to the initial 
condition (p > 0.10).  The minimum radial strain decreased by 1.33 % in the anterior 
annulus for both the intact control group and 6.81% in the nucleus pulposus for the 
annulotomy group (p ≤ 0.03; Figure 5-5; Table 5-2).  No other differences were measured 
for the average, minimum or maximum radial strain in the nucleus pulposus or the 
anterior and posterior annulus fibrosus. 
Average Radial Strain  (%)
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Figure 5-4: Average radial strain in the nucleus pulposus (NP), anterior and posterior 
annulus fibrosus (AAF and PAF, respectively) of the control group for the first experiment 
(grey bars, from Chapter 4) and the second experiment (horizontal lines). * denotes 
significance between groups. 
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Figure 5-5: Minimum radial strain for A) the control group for the first experiment (grey, 
from Chapter 4) and the second experiment (horizontal lines), and B) the intact (grey bars) 
and annuluotomy group (diagonal lines). Strains were calculated in the nucleus pulposus 
(NP), anterior and posterior annulus fibrosus (AAF and PAF, respectively). * denotes 
significance between groups. 
The average, minimum and maximum axial strain did not change for the control 
group in any of the disc regions (i.e. nucleus, anterior and posterior annulus; Table 5-1).  
Following annulotomy, the maximum axial strain in the anterior annulus changed from 
tensile 4.9 ± 4.0% to slightly compressive at 0.25 ± 1.3% (p = 0.03; Figure 5-6; Table 5-
2).   No other differences were observed for average, minimum or maximum axial strain 
in the annulotomy group. 
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Figure 5-6: Maximum axial strain in the nucleus pulposus (NP), anterior and posterior 
annulus fibrosus (AAF and PAF, respectively) of the annulotomy group for the first 
experiment (grey bars, from Chapter 4) and the second experiment (diagonal lines). * 
denotes significance between groups. 
 
 No significant differences were observed for the average or maximum shear 
strains in any of the disc regions for the control or annulotomy groups (Table 5-1 & Table 
5-2).  A trend was observed in the annulotomy group for the average shear strain in the 
anterior annulus and the nucleus pulposus (p = 0.07 & 0.09, respectively; Table 5-1). 
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Sample Level AAF NP PAF AAF NP PAF AAF NP PAF
Intact
59682 L4L5 0.46 0.91 8.08 -3.33 -5.22 -6.48 5.46 2.94 4.60
54935 L4L5 0.01 1.66 1.21 -3.53 -2.58 -3.58 2.68 0.93 3.56
54800 L4L5 2.62 2.18 -0.28 -6.29 -5.35 -3.67 3.00 1.56 3.77
Average 1.03 1.58 3.00 -4.38 -4.38 -4.58 3.71 1.81 3.98
Std. dev 1.40 0.64 4.46 1.65 1.56 1.65 1.52 1.03 0.55
Control
59682 L4L5 0.38 0.42 3.79 -3.73 -4.83 -7.80 4.26 1.10 2.40
54935 L4L5 0.91 1.34 0.81 -2.79 -2.96 -4.46 2.48 1.18 2.93
54800 L4L5 2.20 1.92 2.10 -5.44 -5.71 -3.86 3.01 1.28 3.20
Average 1.16 1.23 2.23 -3.99 -4.50 -5.37 3.25 1.19 2.84
Std. dev 0.94 0.76 1.49 1.34 1.40 2.12 0.91 0.09 0.41
Paired t-test 0.77 0.04 0.73 0.43 0.69 0.14 0.34 0.43 0.17
Intact
54791 L4L5 1.28 -0.73 8.65 -3.27 -0.83 -6.68 4.37 3.40 7.02
54795 L4L5 4.09 0.79 0.59 -5.44 -3.92 -3.85 3.55 1.31 2.98
54793 L3L4 4.81 -5.50 0.37 -6.14 -3.28 -3.35 2.89 4.39 2.70
54931 L4L5 0.13 2.32 8.06 -2.09 -2.83 -5.34 4.30 4.36 1.48
Average 2.58 -0.78 4.42 -4.24 -2.72 -4.81 3.78 3.37 3.55
Std. dev 2.23 3.38 4.55 1.88 1.33 1.51 0.70 1.45 2.41
Annulotomy
54791 L4L5 3.48 0.85 -0.10 -4.31 -2.35 -5.80 3.05 2.63 2.89
54795 L4L5 4.43 2.88 -0.13 -9.69 -4.16 -2.42 3.60 1.33 2.61
54793 L3L4 3.30 1.06 -1.06 -4.80 -2.93 -4.39 1.85 2.73 1.35
54931 L4L5 -0.82 2.21 4.95 -2.13 -3.43 -6.86 3.10 3.38 2.68
Average 2.60 1.75 0.92 -5.23 -3.22 -4.87 2.90 2.52 2.38
Std. dev 2.33 0.96 2.73 3.19 0.77 1.92 0.74 0.86 0.70
Paired t-test 0.98 0.17 0.15 0.46 0.29 0.94 0.07 0.09 0.38
ShearAxialRadial
 
Table 5-1: Average radial, axial and shear strain components for the anterior annulus 
fibrosus (AAF), nucleus pulposus (NP) and the posterior annulus fibrosus (PAF).  The 
control samples are shown in the upper half of the table and the annulotomy group is 
shown in the bottom half with its respective intact values from Chapter 4. P-values are 
shown below the control and annulotomy averages.  A significant difference was found for 
the average radial strain in the nucleus for the control group (p < 0.05). 
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Table 5-2: Maximum (Max) and minimum (Min) radial, axial and shear strain of the anterior 
annulus (AAF), nucleus pulposus (NP) and posterior annulus (PAF). 
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5.4 Discussion 
 Internal strains at the mid-sagittal plane were evaluated for a control and 
annulotomy group loaded to 1000N in the neutral orientation.  The control group 
provides a measure of variability in reimaging and retesting a sample in the same loading 
conditions.  The annulotomy group was used to determine if the annulotomy procedure 
used to access the nucleus pulposus alters the internal mechanics, or if removal of nuclear 
material alters the mechanical behavior of the disc, and will be discussed in the 
subsequent chapter. 
Previous studies evaluating the effect of annulotomy, without the removal of 
nuclear material have reported conflicting data regarding the effect on mechanical 
behavior.(Brinckmann 1986; Shea, Takeuchi et al. 1994; Argoubi and Shirazi-Adl 1996; 
Frei, Oxland et al. 2001; Natarajan, Andersson et al. 2002)  Panjabi et al and Kaigle et al 
observed an increase in axial displacement with injury to the annulus, which may have 
caused the decrease in the maximum axial strain observed in the anterior annulus fibrosus 
in this study.(Panjabi, Krag et al. 1984; Kaigle, Holm et al. 1997)  However, there was no 
increase in the average or minimum axial strain in the anterior annulus, suggesting that 
the results from this study are not similar to the increases observed from removal of large 
sections of the annulus fibrosus tissue.(Brinckmann 1986; Shea, Takeuchi et al. 1994)  
Finite element modeling has suggested that the deformation in compression would not be 
affected by a cruciform entry into the posterior-lateral annulus, which is comparable to 
disc height loss results of this study.(Natarajan, Andersson et al. 2002)  
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The control group had some statistically significant differences in the radial 
strains.  The magnitude of the average radial strain in the nucleus and minimum radial 
strain in the anterior annulus was lower when reimaged and retested; however, these 
minimal differences were between 0.3 and 1.6% and not clinically relevant (Figure 5-4).  
Statistical significance for the small sample size is likely due to all three samples having 
the same behavior of a decrease in the magnitude of the radial strain.  A larger sample 
size may effectively remove this difference. There were no other significant differences 
in the control group for radial, axial or shear average, maximum or minimum strain 
(Table 5-1 & Table 5-2).  Therefore, these results suggest that the techniques used for 
imaging, mechanical testing and data analysis provide repeatable results.   
In the annulotomy group, larger decreases were observed for the peak radial and 
axial strain (Table 5-2).  The minimum radial strain in the nucleus pulposus was 
approximately 50% less compressive than the intact condition.  The maximum axial 
strain in the anterior annulus changed from a tensile 4% to being slightly compressive 
(0.25%). The decrease in the peak compressive radial strain in the nucleus and the shift of 
the maximum axial strain in the anterior annulus becoming more compressive may be 
due to a decrease in the internal pressure transferring the axial compressive load directly 
to the anterior annulus.  However, no other differences were observed in the strain 
components, which suggest that the changes due to annulotomy may be minimal.    
The posterior-lateral annulus fibrosus was cut with a cruciform incision in the 
annulotomy group; therefore, the theory of fracture mechanics would suggest that the 
surrounding tissue (i.e. posterior annulus) would experience the largest changes in 
internal strains.  However, the results in this study showed no significant differences in 
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the posterior annulus for the average, maximum or minimum strain for any of the strain 
components.  Similarly, there were no differences in the outward radial displacement (i.e. 
bulge) of the inner or outer annulus fibrosus.  These results along with the limited 
changes in internal strains suggest that the decrease in internal pressure, due to removal 
of nuclear material, may have a more significant impact on the internal strain distribution 
than the annular defect introduced in the posterior-lateral annulus.   
 The current study is limited to the small sample size evaluated.  Furthermore, it is 
possible that the annulotomy cause asymmetrical loading of the lateral sides of the disc. 
This study only evaluated the mid-sagittal plane of the disc, which was selected because 
the incision was closer to the mid-sagittal plane than the mid-coronal plane.  However, it 
is possible for there to be changes in the internal strains of the lateral side following 
annulotomy.  Furthermore, the plane including the annular incision may result in greatly 
altered internal strains and displacements based on fracture mechanics.(Anderson 2004)  
Finite element modeling of the various incisions, suggest that a cruciform incision may 
increase the flexibility of the motion segment torsion and lateral bending.(Natarajan, 
Andersson et al. 2002)  However, this study only evaluated the internal mechanics in 
axial compression based on limitations described in Chapter 4.  The entry technique used 
in this study was specific to the surgeon’s clinical usage.  It is possible that another entry 
method (i.e. slit) would have a less of an impact on the disc mechanics.  Further study of 
the mechanical effects of annulotomy is needed to understand the effect of different entry 
techniques, as re-herniation occurs in 5-10% of discectomy cases.(Fountas, Kapsalaki et 
al. 2004; Wera, Dean et al. 2008; Wera, Marcus et al. 2008) 
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The results in this chapter demonstrated that both the control and the annulotomy 
group had some statistically significant differences in the radial and axial strains.  The 
control group demonstrated reliability in repeat testing of the samples, and the 
annulotomy group showed that there may be some slight differences in the load sharing 
of the disc subcomponents that are not adjacent to the site of the damaged annulus.  
While knowledge about the effect of annulotomy and full thickness tears on the 
mechanics of the disc is lacking in the literature, this chapter demonstrates that the 
differences in internal strain measured following discectomy is likely to be due to the 
removal of nuclear material rather than the entry into the annulus.  In conclusion, 
annulotomy of the annulus fibrosus damages the annular tissue and large defects that may 
cause degeneration-like changes; however, annulotomy in vitro may not have an 
immediate mechanical effect.  
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Chapter 6: Discectomy Alters the Internal Strains of the 
Intervertebral Disc 
6.1 Introduction 
The study in Chapter 4 demonstrated the complex stress-strain environment 
within the disc under relatively simple physiological loading conditions of intact 
specimens.  The short study in Chapter 5 demonstrated very little differences at the mid-
sagittal section of the disc following annulotomy at the posterior-lateral annulus fibrosus.  
A common cause for low back pain is herniation of nuclear material through the posterior 
annulus.  The extruded nuclear material in a herniated disc impinges on the spinal nerves 
and can be treated by discectomy, a surgical procedure that removes the extruded tissue.  
Discectomy treatment has increased steadily over the past decade, costing over $300 
million in Medicare spending.(Weinstein, Lurie et al. 2006) The amount of removed 
material is highly dependent on the surgeon’s techniques, where up to 50% of the nuclear 
material may be removed.(Adams, McNally et al. 1996; Fountas, Kapsalaki et al. 2004)  
Discectomy and disc herniation permanently damage the annular structure and decrease 
the internal osmotic pressure, which may significantly alter the load sharing among the 
disc substructures, including the nucleus pulposus and the annulus fibrosus.   
Previous studies that have evaluated the mechanical changes with discectomy 
were limited either to the overall motion segment or to internal displacements of the mid-
sagittal plane.(Seroussi, Krag et al. 1989; Meakin and Hukins 2000; Frei, Oxland et al. 
2001; Meakin, Redpath et al. 2001; Johannessen, Cloyd et al. 2006; Cannella, Arthur et 
al. 2008; Heuer, Schmidt et al. 2008; Heuer, Schmidt et al. 2008) Degenerate discs have 
an inward structural bulge of the inner annulus, where the inner annulus bulges towards 
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the nucleus without additional loading and experience greater deformations under 
load.(Adams, Bogduk et al. 2002)  Seroussi et al and Meakin et al used physical markers 
to track the internal displacement of intact and nucleotomy treated discs and observed an 
outward bulging of the inner annulus for intact discs; however, removal of half of the 
nucleus pulposus caused inner annulus fibrosus to bulge inward (inward 0.10 – 
0.45mm).(Seroussi, Krag et al. 1989; Meakin and Hukins 2000; Meakin, Redpath et al. 
2001)  As mentioned previously, these studies are limited by the physical markers and by 
bisection.  Depressurization of the nucleus through bisection, may result in spurious 
results when evaluating the effect of discectomy, as the internal pressure provided by the 
nucleus has already diminished from bisection. 
The healthy nucleus pulposus has a high proteoglycan content that attracts water 
molecules, increasing the internal pressure.(Urban and McMullin 1988) Axial 
compressive stresses on the intervertebral disc pressurizes the nucleus pulposus which is 
transferred to the annulus fibrosus as tensile hoop strains and compressive radial strains.  
In bending, the transfer of strains was observed as tensile axial strains in the annulus on 
the opposite side of the applied bending load (Figure 4-15).  Disc degeneration is noted 
by a decrease in the internal pressure and disc height.(Adams, McMillan et al. 1996)  In 
Chapter 4, degenerate discs had an increase in the tensile radial strain and compressive 
axial strain in the annulus fibrosus.  The shift in strain distribution in the annulus fibrosus 
is likely due to the decrease in nucleus pulposus pressure with degeneration; placing 
more of the applied load directly to the annulus fibrosus.  Furthermore, some degenerate 
discs were observed to have an inward bulging of the inner annulus, which is consistent 
with the increasing tensile radial strains.  These increases in tensile radial strains and 
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inward bulging of the inner annulus are likely to increase annular tears or microfractures. 
(Videman and Nurminen 2004)   
Decreases in the internal pressure with discectomy are immediate compared to the 
slow process of disc degeneration.(McNally and Adams 1992; Adams, McNally et al. 
1996)  The amount of nucleus pulposus material removed may determine how the disc’s 
mechanical behavior is altered.  The degenerative state of the disc may affect the changes 
in the internal strain following discectomy.  Previous studies, in our laboratory, on partial 
and radical removal of nuclear material observed a graded effect on disc mechanics, 
where partial removal (~10% by area) of the nucleus pulposus did not alter the overall 
disc mechanical behavior.  However, removing a larger portion of the nucleus (~50%) 
significantly increased the deformation at lower stresses (i.e. neutral zone) and increases 
the overall range of motion of the disc in compression.(Johannessen, Cloyd et al. 2006; 
Vresilovic, Johannessen et al. 2006)  Based on previous studies, discectomy most likely 
alters the disc mechanics, may alter the discs’ ability to rehydrate, and may lead to further 
progression of degeneration.  Therefore, it is critical to understand the changes to the 
internal mechanics of the disc following discectomy. 
The study in Chapter 4 evaluated the effect of degeneration on internal strains of 
the disc under axial compression in three loading orientations (i.e. flexion, neutral and 
extension).  Removing nuclear material from nondegenerate and degenerate discs is 
important to determine whether discectomy creates an internal stress-strain environment, 
which may lead to tissue defects and further progression of disc degeneration.  Therefore, 
the first objective of this study was to noninvasively quantify the effect of discectomy on 
human lumbar internal disc strains under axial compression in three orientations, 
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including flexion, neutral and extension. The second objective was to determine the effect 
of degeneration on the internal strains following discectomy to determine if degenerate 
discs are more affected by discectomy than nondegenerate discs. We hypothesize that 
discectomy will increase internal strains under all loading conditions and that the changes 
in displacement and strains will be greater in degenerate discs. 
6.2 Materials and Methods 
6.2.1 Sample Preparation 
The samples for this study were the same samples used in Chapter 4.  One sample 
was removed from the dataset because there was a void in the nucleus pulposus and the 
remaining tissue in the posterior annulus was insufficient for strain analysis (age = 80, T2 
grade = 4.3; T1ρ relaxation time = 48 msec).  After mechanical testing and imaging was 
completed for the intact bone-disc-bone motion segment, the samples were allowed to 
rehydrate in a refrigerated 0.1M phosphate buffered saline bath for 8 hours.   
A cruciform incision was made into the posterior-lateral annulus by a 
neurosurgeon with a #15 scalpel blade.  A full thickness cut was made through the 
annulus fibrosus and 2g of nucleus pulposus material was removed with pituitary 
ronguers.  A bone curette was used to free material from the endplates.  Care was taken to 
ensure that the material was not removed from the inner annulus fibrosus.  The sample 
was wrapped with fresh saline soaked gauze to keep the sample hydrated during 
mechanical testing.  Samples were then rehydrated and retested under axial compression 
in flexion, neutral and extension orientations to evaluate the mid-sagittal region of the 
disc.  The mid-coronal region of the disc was evaluated in neutral orientation.   
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6.2.2 Mechanical Testing and Imaging 
The same image parameter settings and mechanical testing conditions as 
described in Chapter 4 were used in this study.  Samples were tested in a random order 
under axial compression in flexion, neutral and extension positions, and were allowed to 
recover in a refrigerated 0.1M phosphate buffered saline bath between tests, as previously 
described.  Briefly, samples were preconditioned and preloaded at 20N and 
preconditioned with five compression cycles from 0-20N.  A bending precondition and 
preload was used for flexion and extension by adding a 5o plastic wedge into the loading 
device.  A reference image was acquired and then a 1000N compressive load was applied 
rapidly and maintained for 20 minutes, to allow for creep deformation, before repeating 
the imaging sequence described above to acquire a deformed image.   
6.2.3 Data Analysis 
The same data analysis methods from Chapter 4 were used in this study for 
measuring parameters from the reference and deformed magnetic resonance images. The 
parameters that were measured include the change in disc height, radial bulge, and 
internal strains (i.e. average axial, radial and shear strain).  
6.2.4 Statistics 
To study the first objective, a Wilcoxon matched pairs test was performed on 
parameters from intact and discectomy discs. The analyzed parameters include the initial 
disc height, the actual and normalized change in disc height under load, the inner and 
outer radial displacement and the average strain.  To study the second objective of this 
chapter, the difference of the parameter calculated in the intact condition and the 
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discectomy condition was determined as Δx = xdiscectomy – xintact, where x represents the 
parameter.  The difference in the magnitude of the parameter was used to determine the 
effect of degeneration with discectomy by performing a Spearman’s correlation with the 
T1ρ relaxation time.  Significance was set at p ≤ 0.05 with a trend defined as 0.05 < p ≤ 
0.10. 
6.3 Results  
The wet weight of the removed nucleus pulposus material was 1.96g (interquartile 
range = 1.79 – 2.01g) and did not affect the magnetic resonance signal in the nucleus for 
the majority of the samples.  A void was observed in the nucleus of four degenerate 
samples; therefore, the strain analysis was not performed for the nucleus pulposus of 
these samples (Figure 6-1). The disc height of the undeformed disc after discectomy (i.e. 
at 20N) was 11.8 mm (9.9 – 12.5 mm) and was not affected by the discectomy (Wilcoxon 
p > 0.7; Figure 6-2).   
A. Nondegenerate B. Degenerate
 
Figure 6-1: Representative magnetic resonance images of A) a nondegenerate and B) a 
degenerate sample after the 2g of nuclear material was removed.  Four degenerate 
samples had a void in the nucleus following discectomy treatment; therefore, strain 
analysis was not performed on the NP of these samples. 
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Figure 6-2: The median and interquartile rage of the initial disc height of intact (grey bar) 
and discectomy (white bar) discs. No difference was observed with discectomy (p > 0.7).  
The distribution and pattern of the axial, radial and shear strain components for 
the discectomy discs were similar to the intact disc (Figure 4-10 & Figure 6-3 for intact 
and discectomy discs, respectively). The radial strains were observed as vertical bands or 
regions of tensile or compressive strains (Figure 6-3 – 1st row).  The axial strains were 
observed as horizontal bands of tensile or compressive strains with peaks near the mid-
disc height (Figure 6-3 – 2nd row), and shear strains were highest near the endplates of the 
inner annulus or nucleus pulposus (Figure 6-3 – 3rd row). 
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Figure 6-3: Representative strain maps of the same nondegenerate samples under flexion 
(1st column), neutral (2nd column) and extension (3rd column) following discectomy. Radial 
strains are shown in the 1st row, axial strains in the 2nd row, and shear strains in the 3rd 
row.  Note that the 0% strain position changes for each strain component. 
6.3.1 Axial Displacements and Strains 
6.3.1.1 Actual and Normalized Change in Disc Height 
The effect of discectomy on the internal displacements and strains were evaluated 
for nondegenerate and degenerate discs by comparing the actual and normalized change 
in disc height before and after discectomy.  The change in disc height increases by 
approximately 0.10 - 0.20 mm or a 10-20% increase in the normalized change in disc 
height (Wilcoxon p ≤ 0.02; Table 6-1; Figure 6-4).  
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Neutral Flexion Extension
Intact
0.65           
(0.48, 0.80)
0.74        
(0.59, 0.87)
0.54            
(0.48,  0.67)
Discectomy
0.76            
(0.65, 1.06)
0.86              
(0.61, 1.15)
0.75            
(0.48, 1.01)
p-value 0.002 0.02 0.03  
Table 6-1: The actual change in disc height under load increased with discectomy for 
neutral, flexion and extension orientations.  The p-value is shown for the Wilcoxon 
matched pairs test between the intact and discectomy groups.  
 
Figure 6-4: Median and interquartile range of the normalized change in disc height (ΔDH) 
for intact (grey) and discectomy (white) groups under neutral, flexion and extension. * 
denotes significance between groups, p ≤ 0.02. 
The increased change in the actual and normalized disc height following 
discectomy was affected by degeneration in the neutral position, but not in bending.  In 
the neutral position, there was a trend for the difference in actual change in disc height 
with discectomy dependent on degeneration (p = 0.08), and the difference in the 
normalized change in disc height with discectomy was significantly dependent on 
degeneration (p = 0.04; Figure 6-5A).  In degenerate discs (T1ρ = 50msec), the 
normalized change in disc height increased by 3.4% from a compressive 9% in the intact 
discs to 14% with discectomy (Figure 6-5A).  In nondegenerate discs (T1ρ = 150msec), 
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the alteration of the normalized change in disc height following discectomy was less than 
0.5% (Figure 6-5A). In bending, the alteration of the actual and normalized change in 
disc height with discectomy was not dependent on degeneration; therefore, the increase in 
the overall compressive deformation of the disc was similar for nondegenerate and 
degenerate discs. (p ≥ 0.2; Figure 6-5B – shown for flexion).  
 
Figure 6-5: Correlation of the difference in the normalized change in disc height (ΔDH) for 
intact and discectomy discs. A significant dependence on degeneration was observed for 
the difference in the neutral (A, square) position, but not in bending (B –flexion, 
diamonds).  
 110 
6.3.1.2 Axial Strains in the Annulus Fibrosus 
The axial strain in the annulus fibrosus was greatly affected by discectomy and 
degeneration in the neutral position and few changes were observed in bending. The axial 
strain value for nondegenerate and degenerate discs and the results from the correlation 
analysis are reported in Table 2 at the end of the Results section.  The correlation analysis 
was performed on the difference in the parameter value between the intact and 
discectomy groups; therefore, the increases or decreases reported below represent a 
difference in strain, which is reported as a percent.  
In the neutral loading position, the axial strain in the annulus fibrosus was greatly 
affected by discectomy, and the difference of the axial strain between the intact and 
discectomy discs was dependent on the level of degeneration. The axial strain in the 
lateral, posterior and anterior annulus was more compressive following discectomy (p ≤ 
0.06; Figure 6-6).  For example, the axial strain of the posterior annulus in increased from 
6.2% in the intact discs to 7.7% with discectomy (p = 0.04; Figure 6-6).  The difference 
in the axial strain between intact and discectomy discs was significantly dependent on 
degeneration in the lateral and posterior annulus (p < 0.01), but not in the anterior 
annulus (p = 0.16).  In degenerate discs under the neutral position, the axial strain was 4-
5% more compressive in the posterior and lateral annulus fibrosus following discectomy, 
while the change in nondegenerate discs was less than 0.5% (Spearman p < 0.01, r > 
0.056; Figure 6-7 – shown for the posterior).  A similar behavior was observed in the 
anterior annulus fibrosus in neutral; however, the difference was not significant (p = 0.16; 
Figure 6-7).   
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Figure 6-6: Median and interquartile range of the axial strain in the lateral, posterior and 
anterior annulus fibrosus in the neutral position for intact (grey) and discectomy (white) 
discs.  * denotes significance (p ≤ 0.04) and ‡ represents a trend (p = 0.06) between 
groups. 
 
Figure 6-7: Difference in the axial strain between intact and discectomy discs for the 
posterior (square with x) and anterior (square with dot) annulus in the neutral position.  * 
denotes a significant correlation with degeneration and the information for the line is 
shown on the figure for the posterior annulus.   
In bending, discectomy altered the axial strain in the annulus fibrosus; however, 
unlike the neutral position, the changes in the axial strain with discectomy were generally 
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not dependent on degeneration.  In flexion, the axial strain was more compressive with 
discectomy in the anterior and posterior annulus (Wilcoxon p ≤ 0.04; Figure 6-8A). The 
difference of the axial strain was not dependent on degeneration; therefore, the changes 
observed following discectomy were similar for nondegenerate and degenerate discs (p > 
0.4; Figure 6-8B, Table 6-2). In extension, there was a trend for the axial strain in the 
anterior annulus to be more compressive with discectomy (Wilcoxon p = 0.06), and the 
change was not dependent on degeneration (p > 0.1; Table 6-2). In contrast, the axial 
strain of the posterior annulus was highly compressive in the intact disc (9.4%), and did 
not change significantly with discectomy (9.9%; Wilcoxon p = 0.5; Figure 6-8C).  
However, the difference in the axial strain between intact and discectomy discs was 
dependent on degeneration (p = 0.04, r = 0.46; Figure 6-8D; Table 6-2).  Degenerate 
discs were 4.2% more compressive following discectomy and nondegenerate discs were 
2.6% less compressive (Figure 6-8D).  It is likely that the paired analysis resulted in no 
significant difference with discectomy in the posterior annulus under extension due to the 
opposite effect discectomy had on nondegenerate and degenerate discs, resulting in an 
averaged difference that was close to zero (Figure 6-8D). 
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Figure 6-8: Axial strain in the posterior annulus in flexion (top half) and extension (lower 
half).  (A & C) Median and interquartile range of the axial strain before (grey) and after 
(white) discectomy. (B & D) Correlation of the change in the axial strain following 
discectomy with degeneration. 
6.3.1.3 Axial Strains in the Nucleus Pulposus 
Axial strains were measured in the nucleus pulposus of discs that had sufficient 
amount of tissue for strain analysis following discectomy (n = 16; Figure 6-1).  The 
internal strains in the nucleus pulposus were not dependent on the orientation of the 
imaging plane (i.e. mid-sagittal and mid-coronal; p ≥ 0.2); therefore, the strains were 
pooled for statistical analysis.  Similar to the behavior observed in the annulus, the axial 
strain of the nucleus pulposus in the neutral position was more compressive with 
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discectomy from a compressive 4.2% for intact discs to 5.8% following discectomy 
(Wilcoxon p < 0.01), and the difference in the axial strain between the intact and 
discectomy discs was dependent on degeneration (p < 0.01, r = 0.61; Figure 6-9). The 
change in the axial strain following discectomy was 5% more compressive for degenerate 
discs and the difference from the intact disc was less than 0.5% for nondegenerate discs 
(Figure 6-9B).  
 
Figure 6-9: Axial strain in the nucleus pulposus in the neutral loading position.  A) Median 
and interquartile range of the axial strain before (grey) and after (white) discectomy. B) 
Correlation of the change in the axial strain following discectomy with degeneration. 
The axial strain of the nucleus pulposus in flexion was more compressive with 
discectomy from 4.6% in intact discs to 5.8% with discectomy (Wilcoxon p < 0.01) and 
was not altered by discectomy in extension (Wilcoxon p = 0.6).  There were not enough 
degenerate samples to determine the effect of degeneration with discectomy; therefore, 
the correlation analysis was not performed on the internal strains of the nucleus pulposus 
in bending. 
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6.3.1.4 Summary of Axial Displacements and Strains 
Discectomy increased the overall deformation of the discs by 10-20%, which is 
comparable to the data in the literature.  In the neutral position, where the pressurized 
nucleus pulposus transfers loads radially to the annulus, only degenerate discs experience 
significantly higher compressive deformations.  In contrast, in bending, where the 
annulus fibrosus is more directly loaded, discectomy increased the deformation of both 
nondegenerate and degenerate discs. These results suggest that the remaining nucleus 
pulposus material in nondegenerate discs was sufficient enough for the disc to function 
similar to the intact discs.  Furthermore, the increase in the axial strain was much larger 
in degenerate discs for the posterior and lateral annulus, suggesting that the annulus 
fibrosus of degenerate discs is more directly loaded in the neutral orientation following 
discectomy.   
6.3.2 Radial Displacements and Strains 
6.3.2.1 Mid-Disc Height Radial Bulge 
The radial bulge of the inner and outer annulus was calculated at the mid-disc 
height for samples oriented in the mid-coronal and mid-sagittal imaging planes. In the 
neutral position, the radial bulge of the inner annulus was 30% less outward in the 
anterior-posterior direction (i.e. mid-sagittal; Wilcoxon p = 0.09) and 65% less outward 
in the lateral direction compared to the intact discs (i.e. mid-coronal; Wilcoxon p < 0.01; 
Figure 6-10).  There was a trend for the change in the radial bulge of the inner annulus 
following discectomy to be dependent on degeneration in the mid-sagittal plane (p = 
0.06; Figure 6-10B).  The change in the radial bulge of the lateral annulus (i.e. mid-
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coronal plane) was not significantly dependent on degeneration, but followed a similar 
behavior as the anterior-posterior annulus (p = 0.41; Figure 6-10D).  The decrease in the 
outward radial bulge of the inner annulus in the anterior-posterior and lateral orientations 
was observed as an inward radial bulge (i.e. negative) in the majority of degenerated 
discs (Figure 6-10).   
 
Figure 6-10: Radial displacement of the inner annulus in the mid-sagittal plane (top half) 
and the mid-coronal plane (bottom half).  (A & C) Median and interquartile range of the 
radial displacement of the inner annulus before (grey) and after (white) discectomy (* p < 
0.01 & ‡ p = 0.09). (B & D) Correlation of the change in the radial displacement with 
degeneration.  
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Figure 6-11: Representation of intact (filled squares) degenerate discs having an outward 
radial bulge of the inner annulus in the neutral position and an inward radial bulge 
following discectomy (open squares, negative values, T1ρ = 50msec).  
In bending, the outward radial bulge of the inner annulus was not altered with 
discectomy (Wilcoxon p > 0.3; not shown).  The lack of significance in flexion is likely 
due to discectomy having an opposite effect on nondegenerate and degenerate discs.  In 
flexion, the difference in the inner annulus radial bulge with discectomy was dependent 
on degeneration (p = 0.01, r = 0.56; Figure 6-12A).  The radial bulge in degenerate discs 
decreased by 0.30 mm following discectomy, while the outward radial bulge in 
nondegenerate discs increased by 0.15 mm (Figure 6-12A).  Similar to the neutral 
position, degenerate discs in flexion and extension were observed to have an inward 
bulging of the inner annulus following discectomy (Figure 6-12B – shown for flexion). 
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Figure 6-12: Radial displacement of the inner annulus under flexion.  A) Correlation of the 
change in the radial displacement with degeneration. B) Representation of degenerate 
discs having an outward radial displacement of the inner annulus in the intact condition 
(filled triangles) and an inward radial displacement after discectomy (open triangles, 
negative values, T1ρ = 50msec). 
The radial displacement of the outer annulus fibrosus with discectomy was 0.39 ± 
0.30 mm for all loading conditions (i.e. mid-sagittal and mid-coronal planes) and was not 
altered by discectomy in the neutral or extension loading positions (Wilcoxon p > 0.9).  
However, in flexion, there was a trend for an increase in the outer annulus radial 
displacement with discectomy by 0.06 mm in flexion (Wilcoxon p = 0.07; Figure 6-13).  
The change in the outer annulus radial displacement was not dependent on degeneration 
for any loading position (p > 0.3). 
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Figure 6-13: Outer annulus radial displacement in the anterior-posterior direction for discs 
under neutral, flexion and extension loading conditions.  ‡ represents a trend between 
intact (grey) and discectomy (white) groups (p = 0.07).  No significant differences were 
observed for the neutral and extension loading conditions (p > 0.9). 
6.3.2.2 Translational Shift of Nucleus Pulposus 
The translational shift of the nucleus pulposus was calculated as the translational 
shift of the inner annulus towards the anterior annulus with respect to the translational 
movement of the outer annulus.  In the neutral position, the nucleus pulposus shifted 0.25 
mm towards the posterior annulus with discectomy, while the movement of the nucleus 
pulposus in intact discs was minimal (Figure 6-14A).   The increased movement of the 
nucleus pulposus towards the posterior annulus fibrosus was dependent on degeneration 
(p  = 0.01, r = 0.58; not shown).  In degenerate discs, the translational shift of the nucleus 
pulposus changed from moving 0.20 mm towards the anterior annulus in intact discs to 
0.50 mm towards the posterior annulus with discectomy (Figure 6-14B).  In bending, the 
magnitude of the translational shift decreased with discectomy; however, the difference 
was not significant and may be due to a low post-hoc power (β = 0.31 & 0.48 and 
Wilcoxon p = 0.19 & 0.16 for flexion and extension, respectively; Figure 6-15).    
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Figure 6-14: Translational shift of the nucleus pulposus (NP) in the neutral position for 
intact (filled) and discectomy (white) discs.  A) Wilcoxon matched pairs results (* p = 0.02).  
B) Representation of the shift of the nucleus pulposus in the intact and discectomy discs.  
 
Figure 6-15: Translational shift of the nucleus pulposus (NP) in A) flexion and B) 
extension. No significant differences were observed with discectomy. 
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6.3.2.3 Radial Strains in the Annulus Fibrosus 
The radial strains were calculated in the anterior, posterior and lateral annulus 
fibrosus following discectomy (Figure 6-4 – 1st row).  The radial strain value for 
nondegenerate and degenerate discs and the results from the Spearman correlation 
analysis are reported in Table 6-2 at the end of the Results section.  
In the neutral position, the radial strain in the annulus fibrosus was greatly altered 
by discectomy.  The radial strain in the lateral annulus was more tensile with discectomy, 
from 0.7% in intact discs to 2.5% with discectomy (Wilcoxon p < 0.01; Figure 6-16).  In 
contrast, the radial strain in the posterior annulus was less tensile with discectomy from 
9.1% in intact discs and decreased to 2.7% in discectomy discs (Wilcoxon p < 0.01; 
Figure 6-16).  The change in the radial strain following discectomy was not dependent on 
degeneration in the posterior or lateral annulus (p = 0.14; Table 6-2).  Therefore, the 
radial strain in the lateral annulus was more tensile for both nondegenerate and 
degenerate discs following discectomy.  Similarly, the radial strain in the posterior 
annulus was less tensile in both nondegenerate and degenerate discs after discectomy (p = 
0.79; Figure 6-17A). The radial strain of the anterior annulus was not altered by 
discectomy in the neutral loading position (Wilcoxon p ≥ 0.4); however, the difference of 
the radial strain between the intact and discectomy discs was dependent on degeneration 
(p = 0.03).  In degenerate discs the radial strain increase by 3.3%, from 4.0% in the intact 
discs to 7.3% with discectomy, while the radial strain in nondegenerate discs was 1.9% 
less tensile (Figure 6-17B). 
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Figure 6-16: Median and interquartile range of the average radial strain in the lateral, 
anterior and posterior annulus for intact (grey) and discectomy (white) groups in neutral. * 
denotes significance (p ≤ 0.05). 
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Figure 6-17: Correlation of the change in the radial strain in the A) lateral and B) anterior 
annulus.  The change in the radial strain was not dependent on degeneration in the lateral 
annulus and was dependent on degeneration in the anterior annulus. 
In bending, few changes were observed in the radial strain with discectomy. In 
flexion, the radial strain of the anterior and posterior annulus fibrosus was not altered by 
discectomy (Wilcoxon p > 0.2; Figure 6-18A).  The change in the radial strain of the 
anterior annulus was dependent on degeneration in the anterior annulus, with the radial 
strain in degenerate discs being more tensile and the radial strain in nondegenerate discs 
being less tensile with discectomy (p = 0.02; Figure 6-18B).  In extension, the radial 
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strain of the anterior annulus fibrosus was not altered by discectomy (Wilcoxon p = 0.4), 
and the radial strain in the posterior annulus was less tensile with discectomy from 5.5 % 
in intact discs to 4.4% with discectomy (Wilcoxon p = 0.05; not shown).  In extension, 
the change in the radial strain in the annulus fibrosus was not dependent on degeneration 
(p > 0.2). 
 
Figure 6-18: Radial strain in the anterior annulus fibrosus under flexion for intact (filled) 
and discectomy (white) discs.  A) Wilcoxon matched pairs results (p = 0.3).  B) Correlation 
of the change in the radial strain in the anterior annulus.   
6.3.2.4 Radial Strain in the Nucleus Pulposus 
The radial strain in the nucleus pulposus was not altered by discectomy in the 
neutral or bending positions (Wilcoxon p > 0.1), and the change in the radial strain was 
not dependent on degeneration (p > 0.1). 
6.3.2.5 Summary of Radial Displacements and Strains 
The radial displacement and strains were greatly altered in the neutral orientation 
with discectomy.  In neutral, the radial displacement of the inner annulus in the anterior-
posterior and lateral direction was less outward with discectomy; however, the outer 
annulus radial displacement was not significantly altered by discectomy.  The decrease in 
the outward radial displacement of the inner annulus following discectomy was 
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consistent with an increase in the tensile radial strain of the lateral annulus and may cause 
delamination.   
In the neutral position, the change in the radial displacement and strains were of a 
higher magnitude for degenerate discs. Following discectomy, degenerate discs exhibited 
an inward bulging of the inner annulus under all loading conditions.  While the radial 
strain in the posterior annulus became less tensile for both nondegenerate and degenerate 
discs, it is possible that this decrease is due to the large translational shift in the nucleus 
pulposus towards the posterior.  The translational shift of the nucleus pulposus was not 
altered with discectomy in nondegenerate discs; therefore, the decrease in the tensile 
radial strain in the posterior annulus is unclear, but may be due to changes in the tissue 
that are not included in the imaged regions (i.e. mid-sagittal plane).  These results suggest 
the impact of discectomy on the internal mechanical behavior of the disc increases 
greatly with degeneration, which could lead to microfractures and may accelerate the 
degenerative cascade. 
Generally the radial displacements and strains were not significantly affected by 
discectomy in bending; however, there were a few notable differences with degeneration.  
In nondegenerate discs, the radial strain was less tensile in the side of the applied bending 
load (i.e. the anterior annulus in flexion) and is consistent with an increase in the outward 
radial bulge of the inner annulus.  In degenerate discs under flexion, degenerate discs 
became more tensile in the anterior annulus and is consistent with the inward radial 
displacement of the inner annulus.  While more of the bending loads are directly applied 
to the annulus fibrosus, these results suggest that the nucleus pulposus does play a 
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noticeable role in the change in the radial displacements and strains of the annulus 
fibrosus following discectomy. 
6.3.3 Shear Strain 
The shear strain was 3.3 ± 1.7% for all disc regions and loading orientations, and 
was not altered by discectomy in the nucleus pulposus, anterior or lateral annulus fibrosus 
(Wilcoxon p ≥ 0.2; Figure 6-19).  The shear strain of the posterior annulus fibrosus 
decreased from 3.5% in intact discs to 2.6% with discectomy in the neutral position 
(Wilcoxon p = 0.03; Figure 6-19) and was not altered in bending.  It is not likely that this 
difference is clinically significant, since high shear strains are thought to lead to damage 
at the insertion site of the fibers into the endplate.  The alteration of the shear strain was 
not dependent on degeneration (p ≥ 0.2; Table 6-2).   
 
Figure 6-19: Median and interquartile range of the shear strain in the lateral, posterior and 
anterior annulus fibrosus and the nucleus pulposus for intact (grey) and discectomy 
(white) groups in the neutral position. * denotes significance between groups (p = 0.03). 
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6.3.4 Tables of Average Axial, Radial and Shear Strain 
 
Table 6-2: Axial, radial and shear strains for nondegenerate (ND) and degenerate (D) after 
discectomy.  Highlighted boxes represents a significant correlation (r) of the change in 
strain following discectomy with T1ρ relaxation time. 
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6.4 Discussion 
In this chapter, internal displacements and two-dimensional Lagrangian strains 
were calculated for nondegenerate and degenerate intervertebral discs following 
discectomy.  The discs were loaded in three orientations, including neutral, flexion and 
extension.  This study used the same samples as Chapter 4 to compare the internal strains 
before and after discectomy, where 2g of nucleus pulposus material were removed.  The 
internal strains were measured in the remaining nucleus pulposus material in all but four 
discs.  
Discectomy significantly altered the internal displacements and the overall strain 
of the discs, as measured by the normalized change in disc height.  In this study, the 
normalized change in disc height increased by 10-20% for all loading conditions and is 
comparable to observations by Seroussi et al. The outward bulge of the inner annulus 
decreased in the neutral orientation following discectomy, and the degenerate discs had 
an inward bulge of the inner annulus (0.09 mm) for all loading conditions.  The inward 
bulging of the inner annulus is comparable to observations by Meakin et al for 
denucleated degenerate discs under compression.(Meakin, Redpath et al. 2001)  
The radial displacement of the outer annulus was outward for intact and 
discectomy discs, which is comparable to observations by previous studies.(Seroussi, 
Krag et al. 1989; Meakin, Redpath et al. 2001; Heuer, Schmidt et al. 2008)  In this study, 
the magnitude of the outer radial displacement was not affected by discectomy, which is 
in contrast to the decrease in the outward radial bulge of the outer annulus measured by 
Heuer et al.(Heuer, Schmidt et al. 2008)  The difference in the outer annulus radial 
displacement with discectomy is likely due to the magnitude of the applied load in axial 
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compression (i.e. 500N compared to 1000N), where 500N is located in the transition 
between the toe- and linear-region and 1000N is located in the linear-region.  Since the 
disc has a highly nonlinear mechanical behavior, it is likely that the behavior of the radial 
displacement of the outer annulus with applied load is also nonlinear.  In bending, Heuer 
et al observed inward radial bulging of the outer annulus on the side of the applied 
bending load (i.e. the anterior annulus in flexion) for denucleated discs, which resulted in 
a decrease in the overall outward bulge of the discs.  The difference in the decreased 
magnitude of the outer annulus radial bulge in bending is likely due to bending being 
applied as a pure moment compared to a wedge preload used in this study. 
Clinically, disc herniations are more likely to occur in nondegenerate or 
moderately degenerate discs, and reherniation of the disc has been observed to occur in 
approximately 10% of cases.(Fountas, Kapsalaki et al. 2004; Wera, Dean et al. 2008)  In 
nondegenerate discs, the axial strains were not drastically different from the intact 
condition; however, the change in the radial strains following discectomy were more 
complex.  The relatively few differences observed in the neutral orientation of 
nondegenerate discs suggest that the remaining nucleus pulposus material in healthy 
tissue was sufficient enough to re-swell, providing the disc with the ability to absorb and 
transfer loads to the annulus fibrosus, similar to the intact discs.  However, the cause for 
the decrease in the tensile radial strain in the posterior annulus is unknown and may be 
due to changes in the function of the tissue by the annulotomy site.  Future work should 
focus on evaluating the internal mechanics near the annulotomy site as alterations with 
discectomy may increase the risk for reherniation or cause degenerative changes in the 
tissue.   
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Removal of 2g of nucleus pulposus material greatly affected the internal 
mechanics of degenerate discs in the neutral orientation; however, fewer differences were 
observed in bending.  In the neutral orientation, the radial strain in the lateral annulus 
fibrosus was 4X more tensile with discectomy, and is likely due to the inward bulging of 
the inner annulus.  The increase in the compressive axial strain was significantly greater 
in degenerate discs than nondegenerate discs. The alteration of the inner annulus radial 
displacement and the increase axial and radial deformation may cause microfractures or 
annular tears in discs that were initially more degenerate before the discectomy.   
Clinically, the amount of nucleus pulposus material removed is not standardized, 
and the amount of nuclear material may have a significant effect on the change in the 
internal displacements and strains.  A previous study in sheep observed that removal of a 
small amount of the nucleus pulposus (i.e. 10% by area) resulted in relatively few 
differences in the mechanical function, with the remaining nucleus pulposus re-swelling 
to fill the void.(Johannessen, Cloyd et al. 2006) However, removing a large portion of the 
nucleus pulposus (i.e. 50% by area) resulted in significant increases in deformation.  
Therefore, it is likely that removing 2g of the nucleus pulposus from nondegenerate discs 
in this study was effectively a partial nucleotomy; however, removing the same amount 
of material in degenerate discs resulted in changes in deformation that are comparable to 
a radical nucleotomy.  Furthermore, the results of that study would suggest that removing 
a larger amount of nucleus pulposus material from the nondegenerate discs may cause 
alterations in the internal strain environment that are similar to the degenerate discs in 
this study.   
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The effect of discectomy of the internal mechanics of the disc has been limited to 
the mid-sagittal plane.  Costi et al measured internal strains of the mid-axial plane of 
intact discs under axial compression and observed high shear strains in the lateral annulus 
(strains up to 12%).(Costi, Stokes et al. 2007)  In this study, the lateral annulus fibrosus 
of degenerate discs were greatly affected by discectomy in the neutral orientation, with 
increases in the tensile radial strains and compressive axial strain.  It is likely that the 
majority of removed tissue came from the posterior-lateral region of the nucleus pulposus 
since it is closest to the entry site; therefore, it is expected that these annular regions 
would have more drastic changes than the anterior annulus.  Even though the posterior 
annulus is thought to be more disorganized and have lower mechanical properties, 
(Cassidy, Hiltner et al. 1989; Acaroglu, Iatridis et al. 1995) these results suggest that 
removal of nucleus pulposus material significantly alters the lateral annulus strain 
environment and may cause separation or buckling of the lamellae layers and 
microfractures that may further progress the degenerative changes.  
There are some limitations to the current study, some of which have been 
addressed in the previous chapters, including a long imaging time and the use of a two-
dimensional imaging sequence. The study in Chapter 5 evaluated the effect of 
annulotomy, without removal of nuclear material, and observed very few changes in the 
internal strain at the mid-sagittal plane.  Therefore, it is likely that the differences 
observed in displacement and strains are due to the removal of nuclear material. This 
study was limited by the void left in the mid-sagittal plane of four samples.  Since the 
strain analysis in the nucleus pulposus of these samples was excluded, the number of 
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degenerate discs was insufficient for correlating the changes in strain following 
discectomy with degeneration (grey boxes for the nucleus in Table 6-2).   
This study used a non-invasive technique to evaluate the effect of discectomy on 
the internal mechanics of nondegenerate and degenerate discs under compression and 
bending.  Discectomy affected nondegenerate and degenerate discs differently, as 
observed by an increase in the magnitude of radial and axial strains and inward bulging 
of the inner annulus in degenerate discs.  The increase in the tensile radial and 
compressive axial strains observed in the posterior and lateral annulus may cause 
microfractures that develop into circumferential or radial tears and may cause further 
progression of degeneration. Future work will focus on filling the void left in the nucleus 
to evaluate the effectiveness of various nucleus pulposus replacements. In conclusion, 
discectomy greatly alters the internal radial and axial displacement and strain of the disc, 
and the initial condition of degeneration may be critical for determining the effect of 
treatment for a herniated disc.  
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Chapter 7: Effect of Degeneration on Uniaxial Material 
Properties of the Annulus Fibrosus 
7.1 Introduction 
The intervertebral disc permits motion to the spine, transfer spinal loads, and 
absorbs energy.  The previous four chapters evaluated the interaction between the 
subcomponents of the intervertebral discs under compression and bending.  Those studies 
demonstrated the complex strain environment experienced by the annulus fibrosus under 
relatively simple physiological loading conditions. The annulus fibrous and nucleus 
pulposus provide the disc with its nonlinear, anisotropic, and viscoelastic mechanical 
properties.  Furthermore, the strain environment in the annulus fibrosus was greatly 
altered with degeneration and discectomy.  The studies in the next four chapters will 
focus on the mechanical properties of the anterior annulus fibrosus.  Specifically, 
nondegenerate and degenerate samples from the anterior annulus fibrosus will be 
evaluated in uniaxial and biaxial extension. 
The annulus fibrosus supports the large multi-directional loads encountered by the 
disc, such as tension, compression, shear, torsion, and bending. In axial compression, the 
pressurized nucleus pulposus transfers loads radially to the annulus as hoop tensile 
stresses, and the insertion of the fibers into the vertebral body act as a boundary condition 
creating a biaxial loading environment. The annulus fibrosus is a highly organized 
structure composed of concentric layers of collagen fibers oriented at ±28-30o to the 
horizontal plane and are embedded in a proteoglycan-rich extrafibrillar matrix.(Cassidy, 
Hiltner et al. 1989) The fibrous structure and composition of the annulus provides the 
tissue with its mechanical behaviors including high stiffness and strength, anisotropy, and 
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nonlinearity.(Skaggs, Weidenbaum et al. 1994; Acaroglu, Iatridis et al. 1995; Ebara, 
Iatridis et al. 1996; Fujita, Duncan et al. 1997; Elliott and Setton 2001; Holzapfel, 
Schulze-Bauer et al. 2005; Guerin and Elliott 2006)  
The composition and mechanical properties of the annulus fibrosus are altered 
with degeneration.  The biochemical changes with degeneration include a decrease in 
water and proteoglycan content, decrease in type II collagen and an increase in type I 
collagen.(Eyre 1979; Urban and Roberts 1995; Antoniou, Steffen et al. 1996)  The 
degenerative changes in composition have altered the mechanical properties of the 
annulus, as the tissue becomes stiffer with degeneration under shear and confined 
compression. (Fujita, Wagner et al. 2000)Iatridis, 1999 #247;Iatridis, 1998 #167}  The 
collagen fibers have been observed to reorient towards the loading direction,(Tower, 
Neidert et al. 2002; Guerin and Elliott 2006; Lake, Miller et al. 2009) and degeneration 
decreases the amount of fiber reorientation, which may affect the tissue behavior.(Guerin 
and Elliott 2006)  However, in uniaxial extension, Acaroglu et al observed no significant 
changes with degeneration in the tensile modulus of the annulus fibrosus.(Acaroglu, 
Iatridis et al. 1995)  
A previous study in our laboratory evaluated uniaxial mechanical behavior of the 
anterior annulus fibrosus in the circumferential, axial and radial directions.(Guerin 2005)  
That study observed a nonlinear stress strain behavior in the circumferential and radial 
directions and a linear behavior in the axial direction.  However, that study was limited in 
that the mechanical behavior of degenerate tissue was not evaluated in the radial and 
axial directions. Therefore, the objective of this study was to complete the evaluation of 
the uniaxial mechanical properties of the anterior annulus.  The effect of degeneration on 
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was evaluated in the circumferential, axial and radial directions. We hypothesize that the 
tissue will be stiffer with degeneration. 
7.2 Methods and Materials 
7.2.1 Sample Preparation 
Human spine sections were obtained from an IRB approved tissue source (NDRI, 
Philadelphia, Pennsylvania), and the intervertebral discs from the L3-L4 and the L4-L5 
levels were dissected from the bone-disc-bone segments (n = 13, age = 19 – 80 
years).(Guerin and Elliott 2006; Guerin and Elliott 2007) A #22 blade scalpel was used 
for fine dissection of a thawed disc from the endplate.  A digital camera (5.0 mega pixel, 
Canon PowerShot S2 IS) was used to acquire a digital image for grading the discs using 
the Thompson scale, modified for axial sections (Table 7-1). Three separate reviewers 
graded each sample and the grade was averaged.(Thompson, Pearce et al. 1990)  T1ρ 
relaxation times were not calculated for these samples, as they were dissected from the 
vertebral body prior to implementation of T1ρ imaging as a quantitative measure of disc 
degeneration.  
Grade Nucleus Annulus
1 Bulging, hydrated gel Discrete layers
2 White fibrous tissue peripherally Mucinous material between lamella
3 Consolidated fibrous tissue
Extensive mucinous infiltration; loss 
of annular-nuclear demarcation
4
Focal defects; yellowish or bown 
coloration
Focal disruptions such as tears
5
Tears or fissures throughout, tissue is yellowish or brown;                        
loss of disc height  
Table 7-1: Morphological intervertebral disc grading system.(Thompson, Pearce et al. 
1990) 
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Samples were dissected from the outer anterior annulus fibrosus of semi-frozen 
discs that did not contain any annular defects.  Samples were oriented along the 
circumferential, axial and radial directions (Figure 7-1) and cut to a length of 
approximately 15mm.  The length of the axial samples was limited by the available disc 
height, and the length of the radial samples was limited by the width of the anterior 
annulus (~ 10 – 12 mm for both directions).  The samples were kept frozen during 
preparation to prevent swelling and cut to a uniform thickness on a freezing stage 
microtome (Leica SM 2400).  Once the samples were of uniform length and thickness, a 
stamp consisting of two razor blades separated by a spacer was used to make uniaxial 
samples of uniform width. 
 
Figure 7-1: Schematic showing uniaxial samples oriented in the axial, circumferential and 
radial direction. 
The samples were allowed to equilibrate in 0.1M phosphate buffered saline (PBS) 
for 20 minutes, which is the amount of time needed for the annulus to reach 
approximately 90% of equilibrium swelling.(Urban and Maroudas 1981) The samples 
were blotted dry and the final width was determined optically by using a grid with lines 
spaced by 1mm as a ruler for calibration.  The final thickness was measured using a 
calibrated laser (Nais LM-10, New Providence, NJ), and the length was measured using 
digital calipers.   
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Samples were prepared for mechanical testing by gluing rectangular shaped (5 X 
7 mm) waterproof sandpaper at the ends with cyanacrylate (Loctite 454) as the bonding 
agent.  Custom built needle grips were used to pierce through the sandpaper-tissue-
sandpaper, and the grips were placed into a custom designed screw clamp.  This gripping 
method was used to ensure that all sample orientations would be held securely in place 
without distortion of the cross sectional profile at the griped ends (e.g. samples in the 
radial direction). Once the grips were applied the grip-to-grip length was measured with 
digital calipers and used to determine the strain rate.   
7.2.2 Mechanical Testing and Data Analysis 
Samples were preloaded for 10 minutes at 0.1N in the circumferential and axial 
directions and 0.05N in the radial direction.  A 10 cycle precondition was applied from 0-
2% strain at a rate of 1%/s.  The samples were stretched in a uniaxial quasi-static ramp at 
a rate of 0.01%/s in a 0.1M phosphate buffered saline bath.  Optical images were 
acquired with a high resolution CCD camera (1392 x 1040 pixel; camera: A102f from 
Basler Vision Technologies; lens: Navitar TV zoom 7000).  Between 15 and 20 images 
were captured during each test.  These images were used to quantify two-dimensional 
Lagrangian tissue strains for finite deformations (E) (Vic2D, Correlated Solutions, Inc.).  
The texture of the tissue was used to calculate surface strains at the mid-region of the 
samples (Figure 7-2).  Since the previously published data (for the nondegenerate 
samples) used a different custom-written program to calculate strains, the strains were re-
calculated for this study using the Vic2D software. The Lagrangian stress (S) was 
calculated as force divided by the undeformed cross sectional area. 
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Figure 7-2: A) Optical image of a sample oriented in the circumferential direction with two 
visible fiber populations, and the transverse (ex) and loading (ey) direction labeled. B) 
Region of interest used to calculate Lagrangian planar strains in Vic2D.  
The toe- and linear-region Young’s modulus (Etoe and Elin, respectively) and the 
transition strain (Etr) between the toe-and linear-region were calculated.(Elliott and 
Setton 2001; Guerin and Elliott 2006; Smith, Byers et al. 2008)  Note the difference 
between the matrix-vector that describes the finite deformations (bold, E) and the symbol 
for the Young’s modulus (non-bolded E).  The stress-strain data was fit to a bi-linear 
regression algorithm: 
! 
S = Etoe *Eyy  
! 
S = Elin * (Eyy "Etr ) + Etoe *Etr  
where εyy is the strain measured along the loading direction. The linear fit to the toe- and 
linear-region was extended to determine the intersection point, which was defined as the 
transition strain.   
The Poisson’s ratio was calculated for each sample from the two-dimensional 
Lagrangian strains calculated from Vic2D and the grip-to-grip strain reported by the 
Instron (Egrip).  Tissue strains in the loading and transverse directions were plotted with 
for E < E tr    (7.1) 
for E ≥ E tr    (7.2) 
      
 
 
 
for εjj < ε tr    (7.2) 
for εjj ≥ εtr    (7.3) 
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respect to the grip strain, which was calculated as the displacement measured by the 
Instron divided by the initial sample length.  A line was fit to the strain data in the 
loading direction and transverse to the loading direction.  The ratio of the slope in the 
loading direction was divided by the slope in transverse direction, which was used to 
calculate Poisson’s ratio (Equation 7.3). 
  
! 
" = #
$Eyy
$Egrip
$Exx
$Egrip
= #
$Eyy
$Exx
 
7.2.3 Statistics 
A Student’s t-test was performed to compare the mechanical properties with 
degeneration.  An average grade below 2.5 was considered to be nondegenerate (n = 7, 
age 36-53 years old, average grade = 2.2 ± 0.3) and greater than 2.5 as degenerate (n = 6, 
age 53-80 years old, average grade = 3.9 ± 0.7).  Additionally, the effect of orientation on 
each mechanical property was determined using a Friedman’s test with repeated 
measures with post-hoc Dunn’s tests performed when significance was found.  
Significance was set at p < 0.05. 
7.3 Results 
7.3.1 Uniaxial Mechanics 
The dimensions of the rectangular uniaxial samples were: 15.8 x 2.8 x 1.9 mm 
(length x width x thickness) in the circumferential direction, 11.1 x 2.3 x 1.5 mm in the 
(7.3) 
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axial direction, and 14.2 x 2.5 x 1.8 mm in the radial direction.  The toe- and linear-
region moduli, the transition strains and the Poisson’s ratios are presented in Table 7-2.   
  
Table 7-2: Toe- and linear-region modulus, transition strain (Etr), and Poisson’s ratio for 
samples oriented along the radial, axial and circumferential directions for nondegenerate 
(n = 7), degenerate (n = 6) and pooled data (when applicable).  The reported p-values in the 
table are results of a Student’s t-test comparing nondegenerate and degenerate AF, with 
the asterisk (*) denoting significant differences (p < 0.05).  ** in the radial data, denotes 
that only one degenerate sample had a nonlinear stress-strain behavior. 
7.3.1.1 Radial Direction 
The radial direction stress-stretch behavior of the nondegenerate tissue was 
nonlinear, while the degenerate tissue was linear (Figure 7-3).  Comparing the modulus 
over similar strains (i.e. below ~11% transition strain), the toe-region modulus of 
degenerated tissue was approximately 2X greater (p < 0.01; Figure 7-3; Table 7-2).  
There was no effect of age or degeneration on the linear-region modulus, the transition 
strain or the Poisson’s ratio (p ≥ 0.3; Table 7-2).   
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Figure 7-3: Representative Lagrangian stress-strain response in uniaxial tension of a 
nondegenerate and degenerate sample oriented along the radial direction.  The 
nondegenerate tissue exhibited a nonlinear response, while the degenerate tissue 
exhibited a stiffer linear response.   
 
Figure 7-4: Significant correlation of the toe-region modulus with age in the radial 
direction.  Information about the correlation line is shown on the figure. 
7.3.1.2 Axial Direction 
 Nondegenerate and degenerate samples oriented along the axial direction 
exhibited a linear stress-stretch behavior for physiological levels of strain (Figure 7-5A).  
Some samples, which were tested beyond 20% tensile strain, showed signs of 
nonlinearity (Figure 7-5B); therefore, only the linear region below 20% strain was 
analyzed for consistency across samples and to keep the analyzed stress-strain range 
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physiologically relevant.  No significant differences with age or degeneration were 
observed with the axial modulus and Poisson’s ratio; however, the modulus decreased 
approximately 25% with degeneration (p = 0.14; Table 7-2).   
 
Figure 7-5: A) Representative experimental data from a nondegenerate sample (circles) 
and a degenerate sample (triangles) oriented along the axial direction.  No significant 
differences were observed with age or degeneration. B) Representative experimental data 
from a sample tested beyond 20% strain. 
7.3.1.3 Circumferential Direction 
For samples oriented along the circumferential direction, the stress-stretch 
behavior was highly nonlinear for both nondegenerate and degenerate samples (Figure 7-
6; Table 7-2).  No significant differences were observed in the mechanical properties with 
degeneration (Table 7-2, p ≥ 0.3).    
 
Figure 7-6: Representative Lagrangian stress-strain behavior from a nondegenerate and 
degenerate sample oriented along the circumferential direction.  No significant difference 
was observed for the mechanical properties with age or degeneration.  
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7.3.1.4 Mechanics with Sample Orientation 
There were large differences observed across the loading orientations.  The toe-
region modulus in the circumferential direction was 16X greater than the radial direction 
toe-region modulus and 9X greater than the axial direction modulus (p < 0.001; Figure 7-
7A).  Similarly, the linear-region modulus in the circumferential direction was 60-70X 
greater than the linear-region modulus in the radial and axial directions (p < 0.001; Figure 
7-7B).  The Poisson’s ratio in the circumferential direction was 3X greater than the 
Poisson’s ratio in the radial and axial directions (p = 0.0002).  There were no differences 
in the mechanical properties between the radial and axial directions (Figure 7-7). 
 
Figure 7-7: Anisotropic behavior of the anterior annulus fibrosus.  A) Toe- and B) linear-
region Young's modulus for the radial, axial and circumferential directions.  * denotes 
significance across groups. 
7.4 Discussion 
This study evaluated the effect of degeneration on uniaxial mechanics of the 
anterior annulus fibrosus along the circumferential, axial and radial directions.  The 
stress-strain behavior observed in the uniaxial experiments was consistent with previous 
studies.  The linear-region modulus reported here is comparable to data in the literature 
where values of 25-40 MPa have been observed in the circumferential direction, 0.80 
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MPa in the axial direction and 0.45-0.50 MPa in the radial directions. (Acaroglu, Iatridis 
et al. 1995; Ebara, Iatridis et al. 1996; Fujita, Duncan et al. 1997; Elliott and Setton 2001; 
Bass, Ashford et al. 2004; Guerin and Elliott 2006) In the circumferential direction, no 
differences were observed with degeneration, which is in contradiction to the 60% 
decrease in the outer annulus Poisson’s ratio reported by Acaroglu et al. (from 1.2 to 0.5 
with degeneration).(Acaroglu, Iatridis et al. 1995)  However, it is difficult to directly 
compare the Acaroglu findings to the results reported in this study because degeneration 
was grouped differently and the strains were measured differently.  As a result, the mean 
values for the Poisson’s ratio were higher in this study, with a non-significant 15% 
decrease with degeneration (2.3 for nondegenerate and 1.9 for degenerate).  The lack of 
significance between values reported in this study may be due, in part, to the high 
standard deviations that were approximately 50% of the mean in the experimental results, 
which is typical for human tissue. 
The stress-strain behavior of samples oriented in the axial direction was linear for 
physiological levels of strain (less than 20%).  Samples that were tested to higher strains 
(> 20%) exhibited a nonlinear behavior, which may due to fiber reorientation engaging 
the collagen fibers at higher strain.  The modulus of samples oriented along the axial 
direction was not different from the modulus in the radial direction (p = 0.3), which also 
suggests that the fibers are not engaged for samples in this loading configuration.  The 
delayed engagement of the collagen fibers at high strains (> 20%) may be due to the 
boundary conditions of freely contracting edges used for uniaxial testing, which does not 
represent physiological loading conditions.  These results would suggest that the fibers 
are not engaged in the axial direction during physiological levels of compression and 
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bending, as the peak tensile axial strain observed in Chapters 4 and 6 did not exceed 5%.  
A previous study, by Adams et al, observed loading of the fibers at lower strains with a 
wider effective width. (Adams and Green 1993)  Therefore, it is likely that uniaxial 
tension of the annulus fibrosus does not provide physiologically relevant mechanical 
properties of the tissue. 
Degeneration significantly altered the stress-strain behavior observed in the radial 
direction, and the mechanical properties measured in nondegenerate samples oriented are 
comparable with values reported in the literature. (Fujita, Duncan et al. 1997; Elliott and 
Setton 2001; Smith, Byers et al. 2008)  Comparing the modulus in the same strain region 
(< 11%), degenerate tissue was approximately 2X stiffer than nondegenerate tissue 
(Figure 7-3; Table 7-2).  This was also the only parameter that was altered with 
degeneration.  This was also the only parameter that was significantly correlated with 
age, making it difficult to delineate the differences between age and degeneration.  The 
observed decrease in the nonlinear behavior may be due to a change in the elastin content 
in the AF, which has been observed to increase by 5% with degeneration. (Cloyd and 
Elliott 2007)   Furthermore, biochemical degradation of elastin resulted in a significant 
decrease in the modulus of the annulus tissue in the radial direction. (Smith, Byers et al. 
2008)   This suggests that an increase in the amount of elastin could contribute to the 
increased stiffness observed in the radial direction.  Moreover, the interlamellar elastin 
fibers have been observed as linear fibers with less crimping than intralamellar elastin 
fibers; (Yu, Fairbank et al. 2005; Smith and Fazzalari 2006; Yu, Tirlapur et al. 2007)  
therefore, an increase in the interlamellar elastin fibers may cause the stress-strain 
behavior to become linear with degeneration.   
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There are some limitations to the current study.  The uniaxial samples were 
prepared from discs graded with a modified Thompson scale.  Similar to the limitation 
described for the Pfirrmann scale in Chapter 3, the Thompson scale is an integer 
scale;(Thompson, Pearce et al. 1990; Pfirrmann, Metzdorf et al. 2001)  therefore, it is 
statistically improper to perform a correlation analysis.  However, dividing the samples 
into two separate groups presents its own limitations as degeneration occurs on a 
continuous scale rather than in discrete steps.   
The study in the following chapter will use a nonlinear, anisotropic, hyperelastic 
constitutive model to describe the behavior of the annulus fibrosus in uniaxial extension 
based on the work presented in this study.  In conclusion, degeneration significantly 
altered the uniaxial mechanical behavior in the radial direction; however, the 
circumferential and axial directions were not altered.  Furthermore, uniaxial testing of the 
annulus fibrosus may not be physiologically relevant as seen by the freely contracting 
edges, and will be addressed in Chapter 9 by applying biaxial boundary conditions to the 
tissue. 
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Chapter 8: An Anisotropic, Nonlinear Fiber-Reinforced Strain 
Energy Model of the Annulus Fibrosus Using Uniaxial 
Experimental Data 
8.1 Introduction 
The previous chapters observed the effect of the nonlinear, anisotropic and 
viscoelastic mechanical behavior of the annulus fibrosus on the ability of the disc to 
absorb physiological levels of loading.  Chapter 7 evaluated the effect of degeneration on 
the uniaxial mechanical behaviors of the tissue, where degeneration significantly altered 
the stress-strain behavior of the tissue in the radial direction.  While experimental studies 
provide some insight into tissue properties such as anisotropy and nonlinearity, they 
cannot determine the contribution of individual components, such as the fibers or 
extrafibrillar matrix.  Theoretical models can be used to evaluate individual components 
of the tissue that are difficult to measure experimentally and determine their contribution 
to the mechanical behavior of the tissue.  In this chapter, the experimental results from 
Chapter 7 will be fit to a fiber-reinforced, nonlinear, hyperelastic model of the annulus 
fibrosus.   
The layered structure and orientation of the collagen fibers in the extrafibrillar 
matrix provides the tissue with its anisotropic and inhomogeneous mechanical behavior. 
Uncrimping of collagen fibers and fiber-matrix interactions are thought to contribute to 
the nonlinear behavior of the tissue.(Viidik 1973; Hansen, Weiss et al. 2002; Franchi, 
Fini et al. 2007; Franchi, Trire et al. 2007)  The behavior of the tissue’s fibers and matrix 
are generally accepted to contribute to tensile and compressive behaviors and have been 
used to describe the annulus fibrosus.(Wu and Yao 1976; Eberlein, Holzapfel et al. 2001; 
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Holzapfel, Gasser et al. 2004; Wagner and Lotz 2004; Peng, Guo et al. 2006; Peng, Guo 
et al. 2006; Cancer, Guo et al. 2007; Guerin and Elliott 2007)  However, other 
components, which are not as well understood, include minor collagens, small 
proteoglycans, and collagen crosslinks.  While these components have been identified in 
the annulus,(Eyre, Apon et al. 1987; Smith and Fazzalari 2006; Yu, Tirlapur et al. 2007; 
Smith and Fazzalari 2009) their contribution to the mechanical behavior of the tissue is 
unknown.(Guerin and Elliott 2006; Peng, Guo et al. 2006; Wagner, Reiser et al. 2006; 
Cancer, Guo et al. 2007)  Since it is difficult to experimentally quantify the mechanics of 
these individual components, continuum models can be used to describe them. 
Continuum models are useful to interpret and elucidate the meaning of 
experimental measurements made in mechanical tests. Based upon the classic work of 
Spencer,(Spencer 1984) the annulus fibrosus has been modeled as a fiber-induced 
anisotropic hyperelastic material (e.g., refs (Wu and Yao 1976; Klisch and Lotz 1999; 
Eberlein, Holzapfel et al. 2001; Elliott and Setton 2001; Wagner and Lotz 2004; Peng, 
Guo et al. 2006; Peng, Guo et al. 2006; Wagner, Reiser et al. 2006; Guerin and Elliott 
2007)), using the principle invariants of the Green deformation tensor and structural 
tensors representing the collagen fiber populations. Contributions of interactions between 
the proteoglycans and collagen fibers can be incorporated into models through fiber-
matrix interactions, making these models potentially useful for studying the structure-
function mechanisms of the annulus fibrosus.(Wagner and Lotz 2004; Peng, Guo et al. 
2006; Guerin and Elliott 2007)  Wagner and Lotz recently used chemical glycation to 
crosslink human annulus tissue and, after adjusting the stress-strain response for the 
softening effects of soaking the tissue, showed an increase in axial direction stiffness 
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which could be modeled by including fiber-matrix interactions.(Wagner, Reiser et al. 
2006)   
Application of constitutive models to experimental data from degenerate tissue 
may provide insight into the structural changes that may cause functional differences with 
degeneration.  Notably, previous continuum models of the annulus fibrosus have not been 
applied to experimental data from both nondegenerate and degenerate tissue.  Few 
degenerative changes are observed in the mechanical properties of the annulus fibrosus at 
the tissue level (see Chapter 7),(Acaroglu, Iatridis et al. 1995; Guerin and Elliott 2006) 
despite significant changes in the compositional and structural level.(Eyre 1979; 
Antoniou, Steffen et al. 1996)  Constitutive modeling applied to both nondegenerate and 
degenerate annulus fibrosus may elucidate microstructural changes with degeneration, 
will be useful for finite element models.(Eberlein, Holzapfel et al. 2004)  
A previous study in our laboratory derived a structurally motivated nonlinear, 
anisotropic, hyperelastic model, which described nondegenerate annulus fibrosus tissue 
using strain energy equations for the collagen fibers, extrafibrillar matrix, and fiber-
matrix interactions fit to tensile experimental data oriented along the radial, axial and 
circumferential directions.(Guerin and Elliott 2007) The fiber-matrix interaction terms 
were included in the description of the microstructures, with the shear fiber-matrix 
interactions described as a nonlinear function and the normal fiber-matrix interactions as 
a linear function.  The interaction terms were observed to have a large contribution to the 
annulus fibrosus stress in uniaxial tension.  However, the study was limited by the 
contraction (i.e. compression) of the fibers in the axial direction and was only used to 
describe nondegenerate annulus fibrosus tissue. The current study modified the 
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established model and described the behavior of both nondegenerate and degenerate 
annulus fibrosus tissue, using uniaxial tensile experimental data. The current model was 
modified by changing the shear fiber-matrix interaction term to a rotation of the fiber 
population (Peng, Guo et al. 2006) rather than a two-dimensional rotation of the 
measured strains based on Mohr’s circle of strain.(Guerin and Elliott 2007)  Furthermore, 
the model was used to quantify the stress contribution by each component and evaluate 
the changes with degeneration.  The objective of this study was to determine the effect of 
degeneration at the microstructural level, using a continuum model, to provide insight to 
the changes made with degeneration that help to preserve the mechanical behavior of the 
tissue on the macrostructural level.   We hypothesized in this study that fiber-matrix 
intralamellar interactions significantly contribute to both nondegenerate and degenerate 
tissue, with a significant increase in the fiber-matrix contribution with degeneration. 
8.2 Methods and Materials 
8.2.1 Constitutive Theory 
A structurally motivated anisotropic hyperelastic model for finite deformations 
was formulated based upon the work of Spencer (Spencer 1984) and as previously 
published by our laboratory.(Elliott 1999; Guerin 2005; Guerin and Elliott 2007)  The 
strain energy function was described as a combination of each structural component using 
the integrity basis of invariants, formed from the deformation tensor C and the unit fiber 
direction vectors a and b:  
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The invariants involving fiber stretch (I4 – I7) were restricted to be greater than or 
equal to 1.0; therefore, assuming that the collagen fibers buckle under compression. The 
individual strain energy equations were required to be positive definite, Wi ≥ 0.  The 
annulus fibrosus tissue was modeled with components describing the matrix (Wm), fibers 
(Wf) and their normal (i.e. perpendicular) and shear interactions (Wnorm & Wshear, 
respectively).  The ci’s in the following equations represent the model parameters, which 
were determined by fitting the strain energy functions to experimental data as described 
below.   
The extrafibrillar matrix strain energy (Wm) was described as an isotropic coupled 
compressive Mooney-Rivlin material, which is a function of I1, I2, J=det(F), and model 
parameters c1, c2 and c3 that have units of MPa.(Holzapfel 2000; Guerin and Elliott 2007)   
! 
W
m
= c1(I1 " 3) + c2(I2 " 3) + c3(J "1)
2
" 2(c1 + 2c2)lnJ  
The fiber strain energy (Wf) was described as the sum of two exponential 
equations dependent on the fiber stretch invariants (I4 & I6), as used in previous models 
fiber reinforced constitutive models.(Eberlein, Holzapfel et al. 2001; Guerin and Elliott 
2007; Nerurkar, Mauck et al. 2008)  The model parameter c4 has units of MPa and c5 is 
unitless. 
! 
Wf =
c4
2c5
(e
c5 (I" #1)
2
#1)
"= 4,6
$  
(8.1) 
(8.3) 
(8.2) 
 151 
The fiber-matrix interaction terms used previously in our model was derived from 
the two-dimensional rotation of Mohr’s circle, resulting in both a shear and a normal 
interaction term.(Wagner and Lotz 2004; Wagner, Reiser et al. 2006; Guerin and Elliott 
2007)  Since tendon and annulus experimental data normal to the fibers has been shown 
to be linear,(Quapp and Weiss 1998; Lynch, Johannessen et al. 2003; Holzapfel, Schulze-
Bauer et al. 2005) this term was written as a linear equation, which was achievable using 
the rotation of the Mohr’s circle.  The strain energy function was not restricted to tensile-
only stresses. The transformation of the deformation tensor to the normal fiber direction 
results in an equation in terms of I1, I2, I4-I7. (Guerin and Elliott 2007)  The model 
parameter c6 has units of MPa.   
! 
W
norm
= c6 (
1
2
I1
2
" I1 " I2 +
1
2
) + 1
2
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2
(I4
2 + I6
2
) " (I5 + I7) +1[ ]  
The shear fiber-matrix interaction represents the energy transfer parallel to the 
fibers.(Wagner and Lotz 2004; Guerin and Elliott 2007)  The current model improves 
upon the description of the shear interaction term used previously (i.e. rotation of Mohr’s 
circle for strain) by describing the bond between the fiber and matrix as a three-
dimensional geometric rotation of the fiber population, as recently proposed by Peng et 
al.(Peng, Guo et al. 2006)  The strain energy function for the shear fiber-matrix 
interaction term is derived using Nanson’s relation ( 101
0
Fn
|Fn|
1
n !
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•
•
= , where F is 
the deformation gradient (C = FTF)) for the normal vector and by describing the rotation 
in terms of the basis of invariants.  The strain energy equation presented here was 
simplified from the equation proposed by Peng et al., by fitting the shear term to a single 
parameter, c7, rather than to a function dependent on the fiber stretch invariant (I4).  This 
(8.4) 
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choice was supported based on preliminary model fits in which the experimental 
nonlinearity was well-described by the simplified function.  The shear fiber-matrix 
interaction term was described as a nonlinear function, since it is thought that the shear 
increases as the fibers become engaged during the linear region of a stress-strain curve.  
Furthermore, experimental studies of collagenous tissues in shear have observed a 
nonlinear stress-strain behavior.(Weiss, Gardiner et al. 2002)  The model parameter c7 
has units of MPa.   
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where α+1 represent I5 and I7 for α equals 4 and 6, respectively. 
The second Piola-Kirchhoff stress (S) was calculated by differentiating the strain 
energy equations with respect to the deformation tensor to obtain the full constitutive law 
as: 
! 
S = 2
"W
"C
=
1
#
T , where T is defined as the force per unit surface area in the reference 
configuration and λ is the principal stretch ratio defined as the length in the current 
configuration divided by the length in the reference configuration.  The values for the 
deformation tensor were determined by the measured in plane strains (C = 2E +1).  
Derivation of the strain-energy equations and the invariants are presented in Appendix C. 
8.2.2 Model Fit 
Sample specific datasets were created for the three orientations and included the 
measured stress, strain, Poisson’s ratio and fiber angle.  Sample specific fiber angle for 
each fiber population (i.e. a and b) were calculated using a fast Fourier transformation of 
(8.5) 
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the optical images, as previously described. (Guerin and Elliott 2006)  The model was fit 
to the uniaxial tensile experimental data from Chapter 7.  The tissue oriented along the 
radial direction was assumed to be a homogeneous structure only consisting of 
extrafibrillar matrix.  Although there are collagen fibers in the plane perpendicular to the 
loading direction, they would only experience compression under this loading condition, 
which is not permitted in this model (I4 - I7 ≥ 1.0).  Therefore, the radial experimental 
data were fit first using the stress-stretch equation derived from Wm, to determine c1, c2 
and c3, with traction free boundary conditions applied.     
Then, the stress-stretch equation derived from the full strain energy equation (W = 
Wm + Wf + Wshear+ Wnorm) was fit to the data from samples oriented along the 
circumferential and axial direction, as separate datasets, using the matrix constants to 
determine c4, c5, c6 and c7.  The contribution of each component of the model (i.e. matrix, 
fibers, shear or normal interactions), to the overall stress was determined for the toe- and 
linear-regions of each stress-stretch curve.   
To determine the best combination of the total strain energy equation, four models were 
evaluated. The first model included only the matrix and fiber terms (noted as M+F); the 
second model included matrix, fibers and normal interaction terms (M+F+N); the third 
model included matrix, fibers, and shear interaction terms (M+F+S); the fourth model 
included matrix, fibers and both interaction terms (M+F+N+S).   The Matlab code for the 
model fit is presented in Appendix D. 
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8.2.3 Data Analysis 
Prior to fitting the model to all datasets, the initial parameters were varied by two 
orders of magnitude to ensure that the model was robust to changes in the initial 
parameters used for the seven parameters.  A correlation coefficient (R2) value was 
calculated to provide a measure of association of the model fit to the experimental data, 
and an R2 value above 0.90 was considered a good fit.  A Bland-Altman analysis(Bland 
and Altman 1986) was used to determine bias and standard deviation of residuals for the 
separate orientations, to provide a measure of agreement between the model and 
experimental data.(Aspden 2005)  The ideal Bland-Altman value would 0.0MPa, which 
would represent no difference between the model determined stress and the experimental 
stress.  A sensitivity analysis was performed for each model parameter and was derived 
as 
! 
X
+
(c j ) =
c jo
S
max
"S
"c j
 where cj is the jth constant being estimated, cj0 is a nominal value 
for that constant, and Smax is the maximum experimental stress value of the function of 
interest.(Beck, Borneff et al. 1977; Sarver, Robinson et al. 2003; Guerin and Elliott 2005)  
The sensitivity coefficients for the stress-strain functions were evaluated at the midpoint 
of the loading direction deformation vector.  Values above 0.1 indicated that the equation 
was sensitive to changes in that constant.   
8.2.4 Statistics 
The samples were divided into two groups of nondegenerate and degenerate as 
described in Chapter 7, and a Mann-Whitney test was performed to compare model 
parameters and stress contributions with degeneration.  Spearman’s correlation 
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coefficients were calculated to determine whether any inter-relationships existed between 
model parameters.  To determine the variation of the stress contribution for each 
component at various points on the stress-strain curve, the stress contribution from the 
toe- and linear-regions of the circumferential direction was compared using Wilcoxon 
matched pairs test.  Significance was set at p ≤ 0.05 and a trend was defined for 0.05 < p 
≤ 0.10. 
8.3 Results 
8.3.1 Radial Direction 
The constitutive model used to describe the annulus tissue oriented along the 
radial direction had an excellent fit (R2 = 0.97).  The nonlinear and linear behavior 
observed in the radial direction was well-described by the Mooney-Rivlin model (matrix 
parameters: c1, c2, and c3) as observed by the high R2 value (R2 = 0.95 ± 0.07) and the 
very low bias (Bias = - 0.0002 ± 0.0011 MPa; Figure 8-1).  The Mooney-Rivlin matrix 
parameters were 2.5-5X greater with degeneration (p ≤ 0.04; Table 8-1). 
 
Figure 8-1: Representative experimental data (symbols) and model fit (solid line) to a 
nondegenerate and degenerate sample oriented along the radial direction (see Figure 7-1).  
The nondegenerate tissue exhibited a nonlinear response, while the degenerate tissue 
exhibited a stiffer linear response.  The constitutive model fit the experimental data well 
(solid line, R2 = 0.97).  
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c1* 
(MPa)
c2* 
(MPa)
c3  
(MPa)
Nondegenerate
0.11 
(0.09)
-0.10 
(0.09)
0.09 
(0.11)
Degenerate
0.29 
(0.14)
-0.24 
(0.13)
0.43 
(0.38)
p-value 0.04 0.04 0.35
Matrix
 
Table 8-1: Model parameters for matrix parameters for the Mooney-Rivlin material 
description.  *denotes significance with degeneration. 
8.3.1.1 Axial and Circumferential Direction   
Simultaneously fitting the strain energy equation to the axial and circumferential 
data did not model the behavior of the axial data well for any of the model variations (R2 
= 0.70).  The fiber stretch term (I4, I6) was constrained to ≥ 1.0 as described in the 
Methods; however, the fiber stretch for axial tensile testing was less than 1.0.  Thus, due 
to fiber compression, the fiber and shear interaction terms were zero for the axial 
direction and it was assumed that the fibers had buckled.  Therefore, only the 
experimental data oriented along the circumferential direction was used to determine the 
model parameters.  Prediction of the stress-strain behavior in the axial direction using 
only the matrix term did not fit the experimental data well for nondegenerate samples (R2 
= 0.44 for nondegenerate & R2 = 0.79 for degenerate; Figure 8-2).   
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Figure 8-2: Representative experimental data from nondegenerate (circles) and degenerate 
(triangles) uniaxial samples.  The constitutive model was unable to accurately fit to the 
stress strain behavior in the axial direction (R2=0.6, pooled mean). 
Fitting the constitutive model to the uniaxial experimental data resulted in a zero 
normal interaction term for the majority of the samples, with a zero c6 value in 78% and 
65% of samples in the M+F+N and M+F+N+S model variations, respectively.  This 
effectively made the M+F+N model description the same as the M+F model, and the 
M+F+N+S model the same as the M+F+ S model; therefore, only the results for the M+F 
and M+F+S model variations will be presented.  The strain energy equation for M+F and 
M+F+S fit well to the circumferential data as seen by the high correlation and low bias 
(R2 > 0.97; Table 8-2; Figure 8-3-shown for the M+F+S model).  For two variations of 
the model evaluated, there was no effect of degeneration on the fiber terms, c4 and c5 (p ≥ 
0.1; Table 8-3).   There was approximately a 5X increase in the c6 shear fiber-matrix 
interaction term parameter with degeneration (p < 0.02, Table 8-3).          
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R
2 Bias 
(MPa)
Resid 
SD 
(MPa)
M+F 0.98 0.015 0.078
M+F+S 0.98 0.009 0.065
Circumferential 
 
Table 8-2: R2 and Bland-Altman bias for the M+F and M+F+S model fit to the 
circumferential direction.  A high R2 and very low bias represents a good fit.   
 
Figure 8-3: Representative nondegenerate sample oriented along the circumferential 
direction with experimental data shown by the solid black circles and the model fit shown 
by the solid black line. 
FMI
c4 
(MPa)
c5
c4 
(MPa)
c5
c7* 
(MPa)
Nondegenerate
1.00 
(1.93)
63.49 
(47.36)
1.10 
(1.87)
27.33 
(33.87)
41.97 
(52.70)
Degenerate
1.40 
(1.34)
32.66 
(21.11)
1.04 
(0.90)
6.39 
(15.15)
200.4 
(165.6)
p-value 0.2 0.2 0.4 0.1 0.02
FibersFibers
M+F M+F+S
 
Table 8-3: Model parameters for matrix parameters for the Mooney-Rivlin material 
description. Groups were divided with degeneration grade as described in Chapter 7.  
*denotes significance with degeneration. 
8.3.2 Stress Contribution 
The percent stress contribution in the circumferential direction was calculated 
using the stress from individual components divided by the overall stress calculated from 
 159 
the model.  For the M+F model, the matrix contribution decreased from 11% in the toe-
region to 4% in the linear region (p < 0.001).  The fiber term contributed to the remainder 
of the total stress (89% and 96%, respectively), with no differences with degeneration (p 
> 0.6).  
The stress contribution of the M+F+S model was dominated by the fibers in the 
toe-region (63%, n = 13), followed by the shear interaction term (27%), and the matrix 
(10%) contributed the least (Figure 8-4A).  In the linear region of nondegenerate tissue, 
the fibers contributed the greatest proportion of the total stress (65%), followed by the 
shear interaction term (32%), and the matrix (3%) contributed the least (Figure 8-4B).  In 
the linear-region of degenerate tissue, the average stress contribution by the shear 
interaction (57%) and the fiber term (39%) were of similar magnitude, with the matrix 
contributing little (4%).  There was no significant difference in either the toe- or linear-
region for the relative stress contribution between nondegenerate and degenerate tissue (p 
≥ 0.13; Figure 8-4).  In comparing the stress contribution between the toe- and linear-
regions of nondegenerate tissue there was a trend for a decrease in the matrix term (p = 
0.08), and no significant changes for the fiber and shear interaction contribution (p ≥ 0.6).  
However, for degenerate tissue, a decrease was observed in the fiber and matrix 
contribution from the toe- to the linear-region, and an increase in the shear interaction 
contribution (p < 0.06; Figure 8-4).   
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Figure 8-4: Average stress contribution of the matrix (black), fibers (white), and shear 
fiber-matrix interactions (diagonal pattern) for A) the toe-region and B) linear-region of 
nondegenerate and degenerate tissue oriented along the circumferential direction. Error 
bars represent the standard deviation, * denotes significance (p < 0.05) and ‡ denotes a 
trend with respect to the toe-region stress contribution.  
8.3.3 Parameter Correlations and Sensitivity Analysis 
A correlation analysis was performed between model parameters to determine if 
the parameters are dependent on one another. There was a strong negative correlation 
between the matrix parameters c1 and c2 (r = -0.99; p < 0.0001), and between c2 and c3 (r 
= -0.83; p < 0.01); there was a strong positive correlation between matrix parameters c1 
and c3 (r = 0.85; p < 0.01).  The shear fiber-matrix model parameter, c7, had a positive 
correlation with the matrix parameter c3 (r = 0.58, p = 0.04).  No other significant 
correlations were found among the other model parameters.   
The sensitivity analysis for each model parameter demonstrated that the model fit 
for samples oriented along the radial direction were highly sensitive to the three matrix 
parameters, as defined by a sensitivity value greater than 0.1 (eight of 13 samples were 
sensitive to changes in c3, while 13 and 12 of the samples were sensitive to changes in c1 
and c2, respectively; Table 8-4).  The model fit to the experimental data along the 
circumferential direction was not sensitive to the matrix parameters for either model.  The 
M+F model was highly sensitive to the fiber parameter c4 (n = 14) and six of the samples 
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were sensitive to the fiber parameter c5 (Table 8-4).  The M+F+S model was sensitive to 
changes in the shear fiber-matrix interaction parameter, c7 (n = 7, for the number of 
samples sensitive to the parameter) and the fiber parameter, c4 (n = 10; Table 8-4). 
FMI
c1 c2 c3 c1 c2 c3 c4 c5 c7
M+F
0.27 
(0.10)
0.14 
(0.15)
N/A
M+F+S
0.16 
(0.12)
0.05 
(0.11)
0.12 
(0.12)
FibersMatrix
0.96 
(0.65)
0.76 
(0.69)
0.27 
(0.32)
0.01 
(0.02)
0.03 
(0.04)
0.04 
(003)
Matrix
Circumferential DirectionRadial Direction
 
Table 8-4:  The sensitivity analysis for each model parameter is reported as the average 
and standard deviation of non-zero values. 
8.4 Discussion 
The structurally motivated nonlinear, anisotropic hyperelastic constitutive model 
of the annulus fibrosus derived using uniaxial experimental data. The tissue was 
described as a combination of the extrafibrillar matrix, fibers and shear interaction terms. 
The M+F+S model was able to detect changes with degeneration in the mechanical 
function even though the uniaxial tensile tissue properties (i.e. toe- and linear-region 
modulus) were not significantly altered with degeneration, as shown in Chapter 7 and 
previous studies.(Acaroglu, Iatridis et al. 1995; Guerin and Elliott 2006)  The model 
detected significant differences in the matrix parameters (c1 - c2) and the shear fiber-
matrix interaction parameter (c7), suggesting changes with degeneration at the 
microstructural level.  The current model improved upon the previous model published 
by our laboratory by constraining the fibers from being loaded in compression (I4 - I7 ≥ 
1), and by using a description of the interaction term between the collagen fibers and the 
extrafibrillar matrix based on the rotation of the unit vector representing the collagen 
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fibers.(Peng, Guo et al. 2006) A good association and agreement between the 
experimental data and the model was observed by the high goodness-of-fit and the low 
bias, for samples oriented along the circumferential and radial direction.       
Recent models have included a fiber-matrix interaction term perpendicular to the 
collagen fibers; (Wagner and Lotz 2004; Wagner, Reiser et al. 2006; Guerin and Elliott 
2007) however, applying a model that included a normal fiber-matrix interaction term to 
the experimental data resulted in minimal stress contribution (< 1%; data not shown).  
This suggests that, in uniaxial tension, the contributions of normal interactions are minor, 
compared to shear interactions between the fibers and the extrafibrillar matrix; therefore, 
it was excluded from the model in this study.   
This study elucidated the relative role of the matrix, fibers, and shear fiber-matrix 
interactions in both nondegenerate and degenerate annulus tissue in uniaxial tension 
oriented along the circumferential direction.  The shear interaction term contributed a 
large portion of the applied stress (>25%), and increased from the toe- to the linear-
region for degenerate tissue, indicating that it is an important contributor to the 
mechanical behavior of the annulus when the fibers are free to rotate towards the 
direction of loading.(Guerin and Elliott 2006; Peng, Guo et al. 2006; Wagner, Reiser et 
al. 2006; Cancer, Guo et al. 2007)  The fibers contributed to the largest proportion of the 
toe-region stress in nondegenerate and degenerate annulus tissue (>60%).  While a 
similar behavior was observed for the linear-region of nondegenerate tissue, the shear 
fiber-matrix interaction component had a greater contribution than the fibers in the linear 
region of degenerate tissue. The large increase in the shear interactions may be due to an 
increased number of collagen crosslinks or a decrease in the mechanical integrity of the 
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collagen fibers with degeneration. There were no degenerative differences in the stress 
contribution by individual energy components, which may be due to the high standard 
deviations (Figure 8-4).  In the toe-region of both nondegenerate and degenerate tissue, 
the fibers and shear interaction terms together contributed 90% of the stress, suggesting 
that the fibers are crucial for circumferential uniaxial tensile loading, even when the 
collagen fibers are thought to be uncrimping at low strains in the toe-region. As the fibers 
become fully engaged from the toe- to the linear-region, the contribution of the matrix 
diminishes, as observed in our previous model.(Guerin and Elliott 2006) 
In Chapter 7, uniaxial tensile testing in the axial direction observed a linear stress-
strain behavior for physiological strains (< 20%); however, samples that were tested to 
higher strains exhibited a nonlinear behavior.  It was suggested that the late nonlinear 
behavior was due to the fibers becoming engaged at a higher strain.   The results of the 
constitutive model are in agreement with that suggestion, as the fiber stretch was less 
than 1.0 in the axial direction, which resulted in a poor fit to the model when the 
experimental data in the axial direction was included.  Therefore, the axial direction data 
was not used to determine model parameters. 
A correlation analysis performed on the model parameters showed that the matrix 
parameters have a strong correlation with one another, and the shear fiber-matrix 
interaction parameter was moderately correlated with the matrix parameter c3.  It is 
unlikely that the correlation between the shear fiber-matrix interaction parameter and the 
matrix parameter provides significant findings in describing the annulus tissue, since the 
matrix parameters were fit to the radial data separately.  A sensitivity analysis showed 
that the model was highly sensitive to changes in the matrix material parameters in the 
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radial direction.  Along the circumferential direction, the model was sensitive to changes 
in the fiber and the fiber-matrix interaction model parameters and highly insensitive to 
the matrix parameters.(Skaggs, Weidenbaum et al. 1994) This suggests high confidence 
in estimating unique matrix parameters using the radial experimental data and in 
estimating the shear interaction and fiber parameters using the circumferential 
experimental data.    
Previous anisotropic hyperelastic models have modeled the annulus fibrosus 
tissue by only using experimental data from nondegenerate tissue.  This study applied a 
constitutive model to both nondegenerate and degenerate human annulus tissue to 
evaluate the degenerative effects on the subcomponents, such as the collagen fibers, 
extrafibrillar matrix and the shear interactions between the fibers and matrix.  
Experimentally, the mechanical properties of the tissue changed little with degeneration, 
despite the tremendous degenerative changes that occur in the tissue composition and 
structure.  Therefore, mathematical models are important to investigate how 
microstructural changes impact tissue function.  The current model described the tissue as 
a combination of extrafibrillar matrix, fibers and intralamella shear fiber-matrix 
interactions; however, there are other microstructures that are currently not included in 
the model, such as collagen crosslinks and interlamellae interactions, and are the topic of 
future work. The results presented in this study help to further understand the effect of 
microstructural changes to the macrostructural level of the tissue, suggesting that the 
changes in the subcomponents (i.e. collagen fibers and fiber-matrix interactions) of the 
tissue may change with degeneration to minimize the overall effects on mechanical 
function of the bulk material.   
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Chapter 9:   Effect of Degeneration on Tensile Biaxial 
Mechanical Properties of the Annulus Fibrosus 
9.1 Introduction 
The studies presented in Chapter 7 and 8 evaluated the anisotropic behavior of the 
anterior annulus fibrosus in uniaxial tension. Importantly, in the axial direction of the 
spine, the measured uniaxial tensile properties are spurious due to transverse contraction 
(Poisson’s ratio effect) that prevents fiber stretch in this orientation [4,5]. Biaxial loading 
constrains the transverse direction to obtain physiologically relevant loading; therefore, 
the study in this chapter will evaluate the biaxial mechanical properties of the anterior 
annulus fibrosus in nondegenerate and degenerate tissue. 
Lanir and Fung were the first investigators to develop and test soft tissue in 
biaxial extension based on research performed by Rivlin in 1951 on rubber.(Rivlin and 
Saunders 1951; Lanir and Fung 1974; Lanir and Fung 1974)  Since then, biaxial tensile 
testing has been widely applied to functionally evaluate skin and cardiovascular fiber-
reinforced tissues.(Tong and Fung 1976; Choi and Vito 1990; Humphrey, Strumpf et al. 
1990; Sacks and Chuong 1993; Kang, Humphrey et al. 1996; Sun, Sacks et al. 2005; Guo, 
Humphrey et al. 2007) These studies have evaluated the effects of the applied strain rate 
and the ratio of the strain rate applied on each face of the specimen on the biaxial 
mechanical properties of soft tissues.(Grashow, Yoganathan et al. 2006; Vande Geest, 
Sacks et al. 2006)  Notably, in cardiovascular tissue, increasing the transverse strain 
decreases the transition strain from the toe- to the linear-region and increases the toe-
region modulus; however, the linear-region modulus, albeit not directly measured, did not 
appear to be altered. (Vande Geest, Sacks et al. 2006)  The altered stress-strain behavior 
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observed in biaxial loading of cardiovascular tissues suggest that it is important to 
evaluate musculoskeletal tissue along both axes of the sample, as it better reflects the 
loading environment experienced by the tissue in vivo. 
Biaxial testing has been used much less frequently in the characterization of 
musculoskeletal tissues.(Bass, Ashford et al. 2004; Bruehlmann, Hulme et al. 2004) It is 
important to perform musculoskeletal biaxial tensile experiments because the in situ 
geometry of many musculoskeletal tissues do not meet uniaxial tensile boundary 
conditions of freely contracting edges and large aspect ratios.  A fixed boundary causes 
the tissue to exhibit a stiffer stress-strain behavior in biaxial testing compared to uniaxial 
testing.   In addition, biaxial tests load the sample through a larger domain of strain 
configurations, as are experienced in situ.  In contrast, uniaxial experiments only 
represent a single path within that domain.  
Previous studies that evaluated the biaxial mechanics of the annulus have been 
limited to fixing the transverse boundary at a fixed strain.(Bass, Ashford et al. 2004; 
Bruehlmann, Hulme et al. 2004) Bruehlmann et al observed deformations of the inter- 
and intralamella cells under biaxial loading, with the circumferential direction held at a 
fixed strain while the axial direction was stretched.(Bruehlmann, Hulme et al. 2004)  
Similarly, Bass et al evaluated tissue-level mechanics by fixing the circumferential 
direction at a fixed strain and observed an increase in the modulus of the tissue in the 
axial direction.(Bass, Ashford et al. 2004)  While these studies provided valuable 
information about the biaxial loading of the tissue, they were limited by fixing the 
circumferential direction at a set strain, which does not represent biaxial strain 
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environment experienced by the tissue.  Moreover, the effect of degeneration on the 
biaxial mechanical properties of the tissue was not evaluated. 
The objective of this study was to evaluate the biaxial tensile behavior of the 
annulus fibrosus in the circumferential, axial and radial directions for nondegenerate and 
degenerate discs.  We hypothesize that the apparent modulus in biaxial loading will 
increase in all orientations, as the stress on the transverse direction is increased, and that 
the measured modulus will decrease with degeneration. 
9.2 Methods and Materials 
9.2.1 Sample Preparation 
The samples used for the biaxial experiments in this study were from the 
intervertebral discs used in Chapters 4 and 6 (n = 16, age = 25 – 80 years, T1ρ relaxation 
time = 46 – 146 msec).  This study used sample preparation methods that are similar to 
those used in Chapter 7.  Briefly, a scalpel was used to dissect the disc from the endplates 
and samples were dissected from the outer anterior annulus fibrosus of discs that did not 
contain any annular defects.  Biaxial samples were oriented along the circumferential-
axial direction and the radial-axial directions (Figure 9-1).  The disc height was the 
limiting dimension on the size of the biaxial samples; therefore, the entire disc height was 
preserved for the axial direction of both sample orientations. For samples oriented along 
the circumferential-axial directions, the circumferential direction was cut approximately 
2mm longer than the disc height to easily identify the orientation during preparation. The 
samples were kept frozen during preparation to prevent swelling and cut to a uniform 
thickness on a freezing stage microtome (Leica SM 2400).   
 168 
 
Figure 9-1: Schematic showing biaxial samples oriented in the circumferential-axial and 
radial-axial direction. 
Similar to the uniaxial tensile testing methods in Chapter 7, the samples were 
allowed to equilibrate in 0.1M phosphate buffered saline (PBS) for 20 minutes.  Samples 
were blotted dry and the length and width was measured using digital calipers.  The 
thickness was measured using a calibrated laser (670nm OptoNCDT by Micro 
Optronic).(Favata 2006)  Samples were prepared for mechanical testing by gluing ‘T’ 
shaped waterproof sandpaper at the ends with cyanoacrylate (Loctite 454) as the bonding 
agent.  Hook grips were used to pierce through the sandpaper-tissue-sandpaper.  The 
grips were attached to Kevlar thread, which interfaced with the pulleys on the biaxial 
testing machine (Figure 9-2B).  The shape of the sandpaper was modified for biaxial 
testing so two hooks could be attached without tearing the sandpaper and to ensure even 
loading along each side (Figure 9-2A).  Once the grips were applied, the grip-to-grip 
length between the sandpaper edges was measured with digital calipers to be used in 
calculating the cross sectional area for the Lagrangian stress.  Four brass beads (diameter 
= 0.5mm) were glued to the surface in the center region of biaxial samples with 
cyanoacrylate for strain analysis during testing, which was used to run strain-controlled 
experiments (Figure 9-2A). 
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Figure 9-2: A) Prepared biaxial sample with 'T' shaped waterproof sandpaper and hooks 
used to grip the sample. Brass beads (small dots on the sample) were used to track 
Lagrangian strains during testing and to control the applied 2D strain. B) Custom built 
biaxial testing machine with a sample attached to the pulleys, which are attached to four 
motors. 
9.2.2 Mechanical Testing and Data Analysis 
Samples were preloaded for 10 minutes at 0.5N in the circumferential and axial 
directions and 0.25N in the radial direction.  The preload was increased from the uniaxial 
experiments in Chapter 7, because the biaxial sample width was approximately 5X 
greater than the uniaxial sample width.  A 10 cycle precondition was applied from 0-2% 
strain at rate of 1%/s; then the samples were stretched in a quasi-static ramp test at a rate 
of 0.01%/s along the primary direction (i.e. the direction with the greater applied strain).  
All mechanical testing was performed in a saline bath at room temperature. 
A high resolution CCD camera was used to acquire images of the sample during 
testing (1392 x 1040 pixel; camera: A102f from Basler Vision Technologies; lens: 
Navitar TV zoom 7000). The algorithm that controls the biaxial testing machine 
calculates the planar strain during testing and uses the calculated strain to adjust the 
applied strain rate.  The preconditioning and ramp portion of the experiments were strain 
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controlled, and the four brass beads were used to calculate the two-dimensional 
Lagrangian strain (E) during testing (Equation 9.1): 
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where λ is the principal stretch ratio and κ is the in plane shear calculated from the 
quadrilateral finite element shape represented by the four beads.(Sacks and Sun 2003) 
The Lagrangian stress was calculated along each axis (i.e. e1 and e2 in Figure 9-2A) as 
force divided by the undeformed cross sectional area, using the grip-to-grip 
dimensions.(Fung 1993)  The algorithm to run the biaxial machine uses a strain feedback 
control setting to determine how often the strain measurement should be updated.  If the 
strain feedback value is too fast (i.e. larger number), it will cause the system to be 
unstable due to large adjustments in the applied strain rate.  In contrast, if the strain 
feedback value is too low, the system will be unable to hit the target strain value at the 
end of the experiment.  Therefore, a higher strain feedback value is necessary for loading 
protocols with a fast strain rate, such as a sine wave, and a lower strain feedback value is 
necessary for the slow ramp experiment.  The strain feedback was set at 10 for the 
preconditioning and 2 for the quasi-static ramp test.  
Since the physiological biaxial relationship of the circumferential and axial 
direction in situ is unknown, a wide range of strain configurations were evaluated to 
describe the behavior of the tissue.  Samples along the circumferential-axial direction 
(9.1) 
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were tested under five strain configurations, including fixing the axial direction at zero 
strain, strain ratios of 2:1, 1:1, 1:2 and fixing the circumferential direction at zero strain.  
The samples were re-tested by holding the axial direction fixed at zero strain at the end of 
the experiment to ensure no tissue damage occurred during testing.  The samples were 
allowed to recover for 90-minutes in a saline bath prior to retesting.  Preliminary studies 
on bovine anterior annulus fibrosus showed that the samples could be retested following 
a 60-minute recovery in the saline bath (Figure 9-3).  An extra 30 minutes of recovery 
was allowed for this study to allow for variability in the tissue’s ability to rehydrate.  
Furthermore, the stress during testing was limited to 1.5MPa or 6% in both directions to 
prevent tissue damage.  Preliminary studies in the circumferential-axial direction 
exhibited lower stresses when one axis was fixed at zero strain; therefore, the strain limit 
was increase to 9% to measure linear-region behavior in these orientations (i.e. axial-
fixed or circumferential-fixed). 
 
Figure 9-3: Repeatability results of a 4:1 (circ:axial) strain configuration in bovine annulus 
fibrosus showing the initial run (filled circles), following one hour recovery (diamonds) 
and two hours of recovery (squares).  Leaving the sample in a saline bath for one hour 
unloaded provided a sufficient amount of recovery. 
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Samples oriented along the radial-axial direction were tested in one strain 
configuration.  Preliminary studies showed that this orientation could not be retested 
because the testing altered the mechanical behavior or damaged the tissue.  Samples were 
tested by holding the axial direction fixed at zero strain.  This strain configuration was 
chosen based on the maximum radial and axial strains measured in the mid-sagittal plane 
of the anterior annulus fibrous in Chapter 4, where the ratio of the maximum radial strain 
to the maximum axial strain ranged from the axial direction near 0% strain to an 
equibiaxial ratio in extension (see Chapter 4, Figure 4-17).  
The toe- and linear-region moduli and the transition strain (Etr) between the toe-
and linear-region were calculated from each biaxial experiment.  The stress-strain data 
was fit to a bi-linear regression algorithm in both the e1 and e2 loading direction (see 
Equations 7.1 and 7.2). Similar to the uniaxial experiment, the linear fit to the toe- and 
linear-region was extended to determine the intersection point, which was defined as the 
transition strain. The theory of linear elasticity provides tissue properties such as Young’s 
modulus and Poisson’s ratio, which are defined in a simplified loading configuration, 
such as uniaxial extension.  The toe- and linear-region modulus determined from the 
biaxial experiments is not a material property.  The theory of linear elasticity can be used 
to estimate the Young’s modulus of the tissue ( 0
ii
E , for i = 1, 2) in the circumferential and 
axial directions can be estimated as (see Appendix F for derivation of equations): 
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where the subscript represents the basis direction (i.e. 11 for the circumferential direction 
and 22 for the axial direction), and the superscript denotes the biaxial loading condition 
(i.e. circumferential-axial strain).  However, it should be noted that the annulus is highly 
nonlinear.   
9.2.3 Statistics 
The effect of degeneration was determined using a Spearman’s correlation with 
the T1ρ relaxation time.  To evaluate the effect of altering the transverse boundary 
condition, a Friedman’s test with repeated measures was used to compare across biaxial 
strain configurations, with a Dunn’s post hoc test performed when significance was 
found.  To determine repeatability of the samples oriented along the CIRC-axial 
direction, a Wilcoxon matched pairs test was performed on the mechanical properties 
calculated from the first and last axial-fixed strain configuration. A Mann-Whitney test 
was used to compare the experimentally measured Young’s modulus from Chapter 7 and 
the Young’s modulus determined by the theory of linear elasticity.  Significance was set 
at p < 0.05. 
9.3 Results 
9.3.1 Radial-Axial Orientation  
The dimensions of the biaxial samples in the radial-axial orientation were: 7.0 x 
6.6 x 1.8 mm (radial width x axial width x thickness). The samples oriented along the 
radial and axial directions were tested in a single strain configuration with the axial 
direction held fixed at zero strain.  Higher strains (> 0.10) were necessary to capture the 
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slight nonlinear stress-strain behavior along the radial direction (Figure 9-4).  The toe-
region modulus was 0.94 ± 0.46 MPa, the linear-region was 50% greater at 1.44 ± 0.56 
MPa, and the transition strain was 0.079 ± 0.031. The toe- and linear-region moduli and 
the transition strain in the radial direction were not dependent on degeneration (p ≥ 0.2; 
Figure 9-5).    
 
Figure 9-4: Representative Lagrangian stress-strain behavior of a biaxial sample along the 
radial direction.  
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Figure 9-5: A) Toe-region modulus, B) linear-region modulus and C) transition strain in the 
radial direction for samples oriented along the radial and axial directions.  No significant 
correlations were found with degeneration (p > 0.1). 
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9.3.2 Repeatability of Mechanical Testing 
The dimensions of the samples oriented in the circumferential-axial directions 
were: 7.1 x 7.0 x 2.1 mm (circumferential width x axial width x thickness).  Repeat 
testing was performed on samples oriented in the circumferential and axial direction.  
There were no significant differences in the mechanical properties between the first and 
last experiment, where the axial direction was fixed at zero strain (p > 0.1; Figure 9-6). 
 
Figure 9-6: A) Toe-region, B) linear-region modulus and C) transition strain of the axial-
fixed experiment at the beginning (Run 1) and end of testing (Run 2).  No differences were 
observed in any of the parameters (Wilcoxon matched pairs test, p > 0.1). 
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9.3.3 Circumferential-Axial Orientation 
9.3.3.1 Axial Direction Response 
The stress-strain response in the axial direction was nonlinear for all biaxial 
loading configurations (Figure 9-7).  The stress limit was reached at lower strains as the 
circumferential direction stress was increased from fixing the circumferential direction at 
a zero strain to straining the circumferential direction at twice the strain of the axial 
direction (i.e. circumferential:axial = 2:1).   
 
Figure 9-7: Lagrangian stress-strain response in the axial direction for 
circumferential:axial biaxial strain configuration.  The circumferential direction fixed at 
zero strain is represented by the 0:1 (circ:ax) condition. 
An increase in the stress along the circumferential direction from holding the 
circumferential direction at zero strain to strain ratios of 1:2, 1:1, and 2:1 increased the 
toe- and linear-region modulus in the axial direction (p < 0.0001; Figure 9-8A & B).  The 
toe-region modulus ranged from 4.90 ± 2.08 MPa in the circumferential-fixed condition 
to 16.14 ± 6.57 MPa in the 2:1 configuration and was not dependent on degeneration.  
Similarly, the linear-region modulus tripled from 12.46 ± 5.64 MPa in the 
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circumferential-fixed condition to 39.78 ± 13.59 MPa in the 2:1 configuration.  The 
linear-region modulus decreased by 40 to 50% with degeneration in all strain 
configurations (p ≤ 0.05, r ≥ 0.50; Figure 9-9).  The decrease in modulus was more 
pronounced in the 1:2 strain configuration than the circumferential-fixed condition, 
where the slope of the correlation line in the 1:2 condition was 3X greater than the slope 
in the circumferential-fixed condition (Table 9-1).  No modulus was calculated in the 
axial-fixed condition as the strain was held at 0.00.  The transition strain, calculated as 
the strain between the toe- and linear-regions, decreased by 70% from a strain of 0.049 ± 
0.017 in the circumferential-fixed condition to 0.014 ± 0.005 in the 2:1 condition (p < 
0.0001; Figure 9-8C).  There were no significant correlations with the transition strain 
and degeneration (p > 0.05). 
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Figure 9-8: A) Toe-region modulus, B) linear-region modulus and C) transition strain for 
the axial direction under biaxial loading conditions.  The test configurations are noted as 
the strain rate in the circumferential direction to the axial direction (i.e. in the 2:1 condition 
the circumferential direction is pulled at twice the rate of the axial direction).  * denotes 
significant differences between groups, p ≤ 0.05. 
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Figure 9-9: Linear-region modulus for the axial direction under biaxial loading conditions.  
The linear-region modulus decreased by 40-50% with degeneration under all conditions, * 
= p ≤ 0.05.  The information for the correlation lines is provided in Table 9-1. 
m b r p
1:2 0.26 13.18 0.58 0.02
1:1 0.15 12.11 0.60 0.02
2:1 0.13 8.10 0.56 0.02
1:0 0.08 4.20 0.50 0.05
Line description
Spearman's 
Correlation
 
Table 9-1: Spearman correlation results.  The information for the correlation line is shown 
on the left for the slope (m) and the y-intercept (b) for the line y = m*T1ρ+b, where y is the 
linear-region modulus in the axial direction.  The Spearman’s correlation (r) and p-value 
are shown on the right side of the table. 
9.3.3.2 Circumferential Direction Behavior 
The stress-strain response in the circumferential direction was nonlinear for all 
biaxial loading configurations (Figure 9-10).  Similar to the axial direction in biaxial 
loading, the stress limit in the circumferential direction was reached at lower strains as 
the axial direction stress was increased (i.e. 1:2 experiments).  
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Figure 9-10: Lagrangian stress-strain response in the circumferential direction for 
circumferential:axial biaxial strain configuration.  The axial direction fixed at zero strain is 
represented by the 1:0 (circ:ax) condition. 
An increase in stress along the axial direction from the axial direction fixed at 
zero strain to strain ratios of 2:1, 1:1, and 1:2 (i.e. circumferential:axial) increased the 
toe- and linear-region modulus in the circumferential direction (p < 0.0001; Figure 9-11A 
& B).  The toe-region modulus ranged from 9.81 ± 4.10 MPa in the axial-fixed condition 
to 22.42 ± 8.61 MPa in the 1:2 experiment.  Similarly, the linear-region modulus doubled 
from 27.15 ± 11.29 MPa in the axial-fixed condition to 58.50 ± 20.18 MPa in the 1:2 
experiment.  Similar to the circumferential direction fixed condition in the axial direction, 
no modulus was calculated in the axial-fixed condition, as the strain was held fixed at 0.0.  
The transition strain, calculated as the strain between the toe- and linear-regions, 
decreased by 60% from a strain of 0.038 ± 0.011 in the axial fixed condition to 0.015 ± 
0.004 in the 1:2 condition (p < 0.0001; Figure 9-11C).  The mechanical properties in the 
circumferential direction were not dependent on degeneration (p > 0.1; Figure 9-12 – 
shown for linear-region modulus). 
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Figure 9-11: A) Toe-region modulus, B) linear-region modulus and C) transition strain for 
the circumferential direction under biaxial loading conditions. The test configurations are 
noted as the strain rate in the circumferential direction to the axial direction (i.e. in the 2:1 
condition the circumferential direction is pulled at twice the rate of the axial direction). * 
denotes significant differences between groups, p ≤ 0.05. 
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Figure 9-12: Linear-region modulus in the circumferential direction for the 1:2 loading 
conditions.  No significant correlations were found with T1ρ relaxation time (p = 0.15). 
9.3.4 Effect of Fiber Recruitment on the Mechanical Properties 
The mechanical behavior from the uniaxial and biaxial experiments was 
compared using the theory of linear elasticity to determine the Young’s modulus from the 
experimentally measured biaxial modulus.  In the circumferential direction, the theory 
predicted a linear-region Young’s modulus of 26.3 ± 10.2 MPa and was not significantly 
different from the measured Young’s modulus in Chapter 7 (20.9 ± 11.9 MPa; Figure 9-
13).  While not significantly different from the properties measured in uniaxial tension, 
the theory does predict values that are similar to the results from fixing the transverse 
direction at a zero strain (Figure 9-13 – Biaxial).  In the axial direction, the theory 
predicted a toe-region Young’s modulus of 5.2 ± 4.0 MPa and a linear-region Young’s 
modulus of 13.8 ± 5.8 MPa.  The stress-strain behavior observed in the axial direction 
was linear and was 12X lower than the toe-region modulus calculated by linear elasticity 
(Figure 9-14).  These results demonstrate the spurious results obtained from uniaxial 
experiments in the axial direction.  Since the theoretical prediction was not significantly 
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different in determining the Young’s modulus in the circumferential direction, the 
differences observed in the axial direction suggest that the increase in stress observed in 
biaxial loading is not solely due to the added boundary constraint.  
 
Figure 9-13: Linear-region modulus in the circumferential direction for the measured 
Young's modulus from Chapter 7 (Uniaxial), Young's modulus based on the theory of 
linear elasticity (Theory), and the axial-fixed linear-region modulus (Biaxial).  The linear-
region modulus for the axial-fixed condition is shown as reference of the linear-region 
modulus measured from biaxial experiments.  No significant differences were observed 
between the theory and the measured uniaxial behavior (p = 0.11). 
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Figure 9-14: A) Toe- and B) linear region modulus in the axial direction for the measured 
Young's modulus (Uniaxial) and the Young's modulus based on the theory of linear 
elasticity (Theory).  The circumferential-fixed modulus is shown for a reference (Biaxial).  * 
represents significant differences between groups, p < 0.0001. 
9.4 Discussion 
This study evaluated the effect of degeneration on the biaxial mechanical 
properties of the annulus fibrosus, with samples oriented in the circumferential-axial and 
the radial-axial directions.  Although the data in Chapters 4 and 6 provided insight to the 
boundary conditions experienced by the mid-sagittal plane of the disc in situ, the 
boundary conditions in the circumferential-axial direction are not well understood.  
However, it is clear that the freely contracting boundary condition for uniaxial 
experiments is not physiologically relevant for the annulus fibrosus, as the tissue is not 
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able to freely contract in vivo.  The biaxial stress-strain behavior in the circumferential 
direction was comparable to observations reported by previous biaxial experiments, 
where an increase in the transverse stress increased the modulus and decreased the 
transition strain. (Humphrey, Strumpf et al. 1990; Sacks and Chuong 1993; Sacks 1999; 
Bass, Ashford et al. 2004)   
Even though an increase in the transverse stress will increase the modulus of any 
material, the altered boundary condition applied in the biaxial experiments in the axial 
direction significantly affected the fiber recruitment during loading.  In uniaxial 
extension, the stress-strain behavior of the samples oriented in the axial direction was 
linear for physiological levels of strain, and the axial direction Young’s modulus was not 
different from the radial direction Young’s modulus (See Chapter 7, Figure 7-4 & 7-6).  
However, in biaxial experiments, the axial direction stress-strain behavior was nonlinear 
even at low strains (< 6%), and the stress in the axial direction was on the same order of 
magnitude as the circumferential direction.  The estimated Young’s modulus from biaxial 
properties suggested that the Young’s modulus in the axial direction was 12-30X greater 
than the measured Young’s modulus (Figure 9-14).  Moreover, the internal strain 
behavior measured in Chapters 4 and 6 suggests that physiological tensile strains in the 
axial direction are not likely to exceed 5% under compression and bending (Figure 4-15 
& 6-11).  This suggests that the stresses experienced by the tissue would be greatly 
underestimated if uniaxial stress-strain data were to be considered; however, the biaxial 
data suggests that the tissue operates in a much stiffer linear-region in physiological 
levels of strain.  The results from this study support the idea suggested in Chapters 7 and 
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8 that the fibers in the axial direction do not contribute to the uniaxial mechanical 
function of the tissue in uniaxial experiments.    
The linear-region modulus in the axial direction was the only biaxial mechanical 
property observed to be altered with degeneration, where the linear-region modulus 
decreased by 50% with degeneration for all biaxial loading conditions (Figure 9-9).  The 
cause for the decrease in modulus is unknown; however, it has been suggested that minor 
collagens provide fiber-matrix or fiber-fiber interactions which may contribute to the 
mechanical behavior of the tissue.(Eyre, Apon et al. 1987; Pezowicz, Robertson et al. 
2005; Wagner, Reiser et al. 2006; Guerin and Elliott 2007)  Moreover, in bending the 
maximum axial strains in the annulus fibrosus changes from tensile in nondegenerate disc 
to compression in degenerate discs (see Chapter 4, Figure 4-12A, Table 4-3). It is 
possible that the decrease in modulus may be due to weakening or remodeling of the 
structure of the annulus.  Future study is needed to better understand the role of the minor 
collagens in the function of nondegenerate and degenerate annulus fibrosus tissue. 
There are some limitations to the current study.  The size of the biaxial samples 
was limited by the disc height; therefore, it is difficult to obtain biaxial samples from 
severely degenerate samples, since the disc height is lower.  Furthermore, only 
intervertebral discs without any visible signs of cracks or fissures were used and may bias 
the results towards nondegenerate discs; contributing to the lack of significance with 
degeneration observed in the study.  There were only four samples in the T1ρ range of 50-
80msec.  The results from the internal strains presented in Chapter 4 suggests that the 
mid-sagittal plane of the anterior annulus experiences radial-axial strain ratios of 1:0 up 
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to 1:1; however, the samples in the radial-axial direction were only evaluated in the 1:0 
strain configuration.    
The strain levels applied in biaxial loading of all three orientations were 
comparable to the internal strains measured in the previous chapters (Figure 4-15 & 6-
11).   The high stresses observed at low strains may significantly impact the strength and 
behavior necessary for optimal design of future tissue engineered constructs, which could 
be used to repair injured tissue.(Mauck, Baker et al. 2009)  Importantly, using biaxial 
experimental data to determine constitutive model parameters may vary from the model 
parameters determined from uniaxial experiments, which will affect the accuracy in the 
description of the tissue function.  The study in Chapter 10 will use the biaxial 
experimental data from this study to determine the model parameters for the nonlinear, 
anisotropic, hyperelastic constitutive model used in Chapter 8.  In conclusion, the in situ 
geometry of the annulus fibrosus does not permit freely contracting edges, biaxial testing 
loads the sample through a larger domain of strain configurations, as are experienced in 
situ, and greatly alters the fiber recruitment in the axial direction.   Furthermore, the 
tissue becomes 40-50% weaker in the axial direction with degeneration.  
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Chapter 10: A Validated Anisotropic, Nonlinear Fiber-Reinforced 
Constitutive Model of the Annulus Fibrosus Using 
Biaxial Experimental Data 
10.1 Introduction 
In Chapter 9, the toe- and linear-region modulus was defined as the slope of the 
biaxial experimental stress-strain data.  The theory of elasticity provides a relationship 
between the experimental stress and strain of a tissue with a 4th order stiffness matrix, 
where the relationship in uniaxial tension is the Young’s modulus of the bulk material.  
The complex structure of the annulus fibrosus (i.e. two-fiber populations embedded in an 
extrafibrillar matrix and their interactions) makes it difficult to experimentally measure 
the material properties of individual components in the tissue.  Therefore, direct 
translation of the biaxial measured mechanics into tissue properties such as the Poisson’s 
ratio and Young’s modulus is not straight forward.  However, constitutive equations can 
be used to determine the material properties of the individual components and will be the 
focus of this chapter.  
 Bass et al applied a constitutive model of the annulus fibrosus to uniaxial and 
biaxial experimental data.(Bass, Ashford et al. 2004)  In that study, they reported that the 
constitutive model derived from biaxial loading conditions were unable to predict 
uniaxial behavior.  Similarly, a model derived from uniaxial data underestimated the 
biaxial stress-strain behavior.  While that study provided valuable insight to the biaxial 
mechanical behavior of the annulus fibrosus, it was limited by the small sample size (n = 
3), evaluated the tissue in the circumferential-axial direction under one biaxial strain 
configuration (i.e. fixing the circumferential direction at a set strain), and provided no 
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information about the biaxial mechanics in the radial direction.  The biaxial experimental 
dataset from that study was used in another constitutive model of the annulus fibrosus 
proposed by Wagner et al; however, the model was also unable predict the high 
nonlinearity of the tissue in biaxial loading conditions.(Wagner and Lotz 2004)   
The model parameters determined by constitutive models are dependent on the 
experimental configurations utilized for the model-fits, and may be affected by the 
various testing protocols used to evaluate the tissue (e.g. strain rate or testing in a saline 
bath).(Akizuki, Mow et al. 1986; Lynch, Johannessen et al. 2003)  Previous studies that 
evaluated the structure-function of the annulus fibrosus with constitutive modeling have 
determined the model parameters either from averaged data in the literature (Klisch and 
Lotz 1999; Wagner and Lotz 2004; Peng, Guo et al. 2006; Peng, Guo et al. 2006; 
Wagner, Reiser et al. 2006; Cancer, Guo et al. 2007) or experimental data collected 
specifically for the study.(Elliott and Setton 2000; Guerin and Elliott 2007)  Using the 
average stress-strain data from the literature is advantageous for describing the 
mechanical behavior of the tissue in multiple loading configurations (i.e. uniaxial and 
biaxial tension, compression, and shear) that would require a large amount of time and 
resources.  However, much of stress-strain data available in the literature is limited to 
nondegenerate tissue; therefore, models that use the data available in the literature cannot 
provide insight into the degenerative changes on the microstructural level (i.e. the 
extrafibrillar matrix or fibers).  Moreover, the results presented in Chapter 8 suggest that 
using uniaxial tensile experimental data available in the literature for the axial direction 
does not fully engage the fibers, which may result in an under-estimation of the fiber 
parameters.  Performing a model-fit with sample specific datasets may contain less 
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information with regards to various loading conditions, but can also provide a more 
robust selection of the parameters.  Furthermore, the effect of treatment or degeneration 
can be evaluated by comparing the model parameters.   
The study in Chapter 8 applied a nonlinear, fiber-reinforced hyperelastic model to 
uniaxial experimental data.  However, that study was limited by the lack of fiber stretch 
in the axial direction under uniaxial extension.  Therefore, experimental data in the axial 
direction was not utilized when determining the model parameters.  In Chapter 9, the 
linear-region decreased with degeneration and may affect the accuracy and ability of the 
model applied to uniaxial experimental data to predict other loading conditions.  
Furthermore, the previous model was not validated using another loading configuration.  
The study in this chapter will apply the same constitutive model, as described in Chapter 
8, and use the experimental data from Chapter 9 to determine the model parameters.  The 
objective of this study was to apply an anisotropic, nonlinear, hyperelastic model of the 
annulus fibrosus using the biaxial experimental data from Chapter 9 and determine the 
effect of degeneration on model parameters.  The second objective was to validate the 
model using a separate biaxial loading configuration.  Once validated, the model was 
used to predict the behavior of the tissue in arbitrary loading configurations. 
10.2 Methods and Materials 
10.2.1 Constitutive Theory 
A structurally motivated anisotropic hyperelastic model for finite deformations 
was formulated based upon the work of Spencer (Spencer 1984) and as previously 
described in Chapter 8. (Guerin and Elliott 2007)  The strain energy function was 
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described as a combination of structural components including the extrafibrillar matrix, 
fibers, shear and normal fiber-matrix interaction terms, as described in Chapter 8 
(Equations 10.1 – 10.4).  Although the normal fiber-matrix interaction term was found to 
be zero or negative in uniaxial extension, it was included in this study to determine 
whether the normal interactions play a role in the biaxial mechanics of the tissue.   
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where Ii’s represent the invariants of the deformation tensor (C, Equations 8.1)  and ci’s 
represent the model parameters. 
The first Piola-Kirchhoff stress (P) was determined by differentiating the strain 
energy function with respect to the deformation tensor to obtain the full constitutive law 
as: TF
C
W
2P •
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= , which is defined as the force per unit surface area in the reference 
configuration, and values for the deformation tensor was determined by the measured in 
plane strains (C = 2E +1).  The first and second Piola-Kirchhoff stresses are related to 
each other by 
! 
P = SF
T , where F is the deformation gradient (i.e. C = FTF).  The derived 
stress in this study (i.e. first Piola-Kirchhoff) is a change from the previous study in 
Chapter 8, which used the symmetrical second Piola-Kirchhoff stress tensor (S).  A 
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symmetrical stress tensor is advantageous for evaluating tissues where the loads are 
applied along the principal directions of the tissue (i.e. uniaxial and biaxial extension), 
where the contribution of shear is negligible.  In a symmetrical stress tensor the off axis 
terms must be equivalent (i.e. S12 = S21); therefore, shearing a circumferential-axial 
sample along the circumferential direction in the annulus fibrosus would be equivalent to 
applying shear in the axial direction.  Due to the fiber angle of the two populations (i.e. 
±30o), it is unlikely that these two shear strain configurations would be equivalent, and 
it’s necessary to have separate off-axis stress terms for predicting the shear behavior.   
10.2.2 Model-Fit 
Sample specific datasets included the fiber angle in the reference configuration, 
the biaxial stress and strain experimental data and the transition strain for each axis (i.e. 
radial-axial or circumferential-axial, See Chapter 9, Figure 9-1).  Sample specific fiber 
angles were measured manually with ImageJ (ImageJ 1.40g, NIH). 
Similar to the model-fit methods in Chapter 8, the tissue oriented along the radial 
direction was assumed to be a homogeneous structure only consisting of extrafibrillar 
matrix. Therefore, the stress-strain experimental data in the radial and axial direction was 
fit first using the stress-stretch equation derived from the matrix strain energy equation, 
Wm, to determine c1, c2 and c3.  The boundary condition in the axial direction was fixed 
with no deformation (C = 1).  For the model applied to the uniaxial experimental data, the 
sample specific Poisson’s ratio (v31) that was determined experimentally was used to 
calculate the out-of-plane contraction (i.e. deformation in the circumferential direction).  
In the orthonormal basis defined for the annulus fibrosus, where zz is in the 
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circumferential direction and {e3} is in the radial direction, the deformation in the 
circumferential direction is dependent on the Poisson’s ratio and the strain in the radial 
direction (ε33; Equation 10.5).   However, the tissue contraction in the out-of-plane 
direction during biaxial extension is difficult to measure experimentally. Therefore, the 
out-of-plane contraction value was left as a model parameter bounded between 0.5 and 
5.0.  It is likely that the tissue will contract more in biaxial extension than in uniaxial 
extension.  Therefore, the lower bound was set to be greater than the Poisson’s ratio 
calculated for uniaxial extension in the radial direction, as reported in the literature (0.3-
0.5) and Chapter 7 (0.6 ± 0.4).(Elliott and Setton 2001) 
1)*(2C 333111 +!= "#  
Once the matrix parameters (c1-c3, v31) were determined, the stress-stretch 
equation derived from the full strain energy equation (W = Wm + Wf + Wshear+ Wnorm) was 
fit to the biaxial data using the matrix constants to determine the constants for the fibers 
and fiber-matrix interactions.  Since the biaxial stress-strain behavior was nonlinear in the 
circumferential and axial direction, the axial direction was included in the model-fit, 
which is in contrast to the methods used in Chapter 8.  The stress-strain data in the 
circumferential and axial directions from the 1:2 and 2:1 strain configurations were 
simultaneously fit to determine the model parameters c4-7 using a least square curve fit 
(lsqcurvefit, Matlab Inc.).  The 1:2 and 2:1 strain configurations were selected to evaluate 
the biaxial function of the annulus fibrosus, because they apply a biaxial tensile strain in 
both directions, rather than fixing one boundary.  Furthermore, they are opposing 
conditions where a greater strain is applied in the circumferential direction for the 2:1 
(10.5) 
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strain configuration, and a larger strain is applied in the axial direction for the 1:2 
configuration.  
To determine the best combination of the total strain energy equation, the same 
four models were evaluated from Chapter 8: M+F included the matrix and fiber terms; 
M+F+N included matrix, fibers and normal interaction terms; M+F+S included matrix, 
fibers, and shear interaction terms, and M+F+N+S included matrix, fibers and both 
interaction terms.   The Matlab code for the model fit is presented in Appendix D. 
A correlation coefficient (R2) value was calculated to provide a measure of association of 
the model fit to the experimental data.  A Bland-Altman analysis was used to determine 
bias and standard deviation of residuals for the separate orientations, to provide a 
measure of agreement between the model and experimental data. (Aspden 2005) The 
model with the best fit, as determined by the Bland-Altman analysis and the R2 value, 
was used to validate the model.  
10.2.3 Sensitivity Analysis and Validation  
A sensitivity analysis was performed on the constitutive model that was 
determined to provide the best fit to the biaxial data by varying each model parameter by 
the mean ± 2X the standard deviation and evaluating the linear-region modulus from the 
stress-strain response in the 2:1 strain configuration.  The modulus was calculated using 
the bilinear algorithm described in Chapter 7.  If the linear-region modulus varied by 
more than 10% from the linear-region modulus of the average parameters, denoted that 
the model was sensitive to the parameter.  The sensitivity analysis used in this study 
differs from the methods used in Chapter 8, which evaluated the sensitivity of the model 
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at the maximum stress.  The sensitivity analysis in this study provides a measure (i.e. 
determined linear-region modulus) that can be compared with the experimental data, and 
the threshold used for both analyses is consistent (i.e. 0.1 or 10% variation). 
The constitutive model applied to biaxial experimental data was validated by 
using the model parameters to determine the stress-stretch response of the tissue (up to 
6%) in the other biaxial strain configurations evaluated in Chapter 9.  These biaxial 
loading conditions include holding the axial direction at a fixed zero strain, equibiaxial 
loading and holding the circumferential direction fixed at a zero strain. The stress-strain 
response determined by the models was used to calculate linear-region modulus in the 
circumferential and axial directions and normalized to the sample specific biaxial 
experimental data.  If the linear-region modulus varied from the experimental data by less 
than 20%, the model was considered to be a valid model. 
The validation analysis was also performed for the constitutive model applied to 
uniaxial experimental data presented in Chapter 8 (i.e. M+F and M+F+S).  The average 
model parameters were used to calculate the stress response with strains up to 6% in the 
axial-fixed, equibiaxial and circumferential-fixed strain configurations.  The linear-region 
modulus was calculated and normalized to the average modulus reported in Chapter 9.  
Similar to the validation analysis for the model applied to the biaxial data, the model was 
considered to be valid for describing the biaxial mechanical function of the tissue if the 
linear-region modulus varied less than 20% from the average experimental data. 
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10.2.4 Prediction of Uniaxial Extension and Simple Shear 
The stress-strain behavior of the annulus fibrosus was predicted in uniaxial 
extension and simple shear along the circumferential direction using the model 
parameters from the validated model.  A traction free boundary condition was applied; 
therefore, the Poisson’s ratio from uniaxial experimental data along the circumferential 
direction was used for the out-of-plane contraction.  An average fiber angle of 30o was 
used as a fixed fiber angle for the outer annulus.(Cassidy, Hiltner et al. 1989; Guerin and 
Elliott 2006) The toe- and linear-region modulus was calculated for the stress-strain 
behavior determined by the model for comparison with data available in the literature and 
Chapter 7. 
As mentioned above, the shear stress-strain behavior is described by the off-axis 
terms of the shear tensor (i.e. S12, S13, S23 etc.).  The derivation for the invariants for a 
generalized deformation tensor that includes off-axis deformations is presented in 
Appendix C. The Matlab code for the graphic user interface used to determine the stress-
stretch behavior in uniaxial, biaxial and simple shear loading conditions is presented in 
Appendix E. 
10.2.5 Data Analysis and Statistics 
The contribution of each component of the model (i.e. matrix, fibers, shear or 
normal interactions), to the overall stress was determined for the toe- and linear-regions 
of each sample specific stress-stretch curve. The toe-region strain was selected as the 
strain value halfway between 0 and the transition strain, and the linear-region strain was 
selected as the strain value halfway between the transition strain and the maximum 
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applied strain. A Wilcoxon test was performed to compare the stress contribution of each 
component (i.e. matrix, fibers and interactions) in the toe- and linear-region and to 
compare the stress contribution in the circumferential and axial direction. 
To determine the effect of degeneration, a Spearman’s correlation was performed 
between the model parameters and the T1ρ relaxation time.  Spearman’s correlation 
coefficients were calculated to determine whether any inter-relationships existed between 
model parameters. Significance was set at p ≤ 0.05 and a trend was defined for 0.05 < p ≤ 
0.10. 
10.3 Results 
10.3.1 Model-Fit of the Radial-Axial Samples 
The biaxial experimental data from the radial-axial samples were fit to a Mooney-
Rivlin constitutive model.  Constraining the Mooney-Rivlin description to both the radial 
and axial direction data fit both directions well as observed by the high R2 and low bias; 
however, the model description was linear for the nonlinear experimental data in the 
radial direction (Table 10-1; Figure 10-1A).  When the model parameters were 
determined using only the radial direction stress-strain data, the model provided a 
nonlinear description of the matrix term (Figure 10-1B).  Since it is possible for fiber-
matrix interaction terms to be contributing in the axial direction stress-stretch behavior, 
the model parameters were determined by fitting only to the radial direction, as 
performed in Chapter  8 (Table 10-1 – W/o AX).   The matrix parameters (i.e. c1-3, ν13) 
were not dependent on degeneration (p ≥ 0.2). 
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Figure 10-1: Mooney-Rivlin model-fit (solid line) to the radial direction biaxial experimental 
data (circles) A) with and B) without the axial direction experimental data, where C22 = 1 
(i.e. axial direction).   
R2 - 
Radial
R2 - 
Axial
Bias 
(MPa)
Resid 
SD 
(MPa)
c1  
(MPa)
c2  
(MPa)
c3 
(MPa)
!31
W/Ax 0.94 0.97 -0.0006 0.0084
1.07  
(0.85)
-0.91  
(0.82)
2.06  
(1.54)
1.20 
(1.22)
W/o Ax 0.99 N/A -0.0001 0.0027
1.14 
(0.84)
-0.97 
(0.76)
1.49 
(1.67)
1.20
Model-Fit Matrix Parameters
Radial Direction
 
Table 10-1: Mooney-Rivlin model-fit (left half) and model parameters (right half) to samples 
oriented in the radial-axial directions.  Results are shown for fitting to both the radial and 
axial data (W/Ax), and by fitting only to the radial direction data (W/o Ax). 
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10.3.2 Model-Fit for the Circumferential-Axial Samples 
The biaxial experimental data along the circumferential and axial directions were 
used to determine the model parameters for fibers and fiber-matrix interaction terms (i.e. 
shear and normal).   Similar to the zero normal interaction term in the model applied to 
uniaxial experimental data, the shear interaction term was zero for the majority of the 
samples.  In the M+F+S model a zero c7 value was observed in 40% of the samples, and a 
zero c7 value was observed in 87% of samples in the M+F+N+S model.  Although 60% 
of the samples had a nonzero c7 value in the M+F+S model, the stress contribution from 
the shear fiber-matrix interaction was less than -1%.  The shear fiber-matrix interaction 
term is a measure of the amount of fiber reorientation in the tissue; however, the amount 
of affine fiber reorientation in uniaxial extension is more than 2X the fiber reorientation 
in biaxial extension (i.e. axial-fixed condition; see Figure G-1 in Appendix G).  This 
effectively made the M+F+S model the same as the M+F model, and the M+F+N+S 
model the same as M+F+N model; therefore, only the results for the M+F and M+F+N 
models will be presented (Table 10-2).  In the circumferential direction, the M+F and 
M+F+N models fit well to the biaxial experimental data as seen by the high correlation 
and low bias (Table 10-2; Figure 10-2A). The M+F model did not fit as well to the stress-
strain behavior in the axial direction (R2 = 0.68); however, including the normal 
interaction term greatly improved the fit (R2 = 0.93; Table 10-2; Figure 10-2B).   
Based on these results, the M+F+N model was selected as the best fit to the 
biaxial experimental data.  The effect of degeneration was determined for the matrix, 
fiber and normal fiber-matrix interaction term.  The matrix parameters (i.e. c1-3, ν13) and 
the fiber parameter, c4, were not dependent on degeneration (p ≥ 0.2; Table 10-2).  There 
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was a significant decrease in the fiber parameter, c5, with degeneration (p = 0.04; Table 
10-2; Figure 10-3A).  There was a trend for a decrease in the normal interaction term 
with degeneration (p = 0.08; Table 10-2 – green highlighted box; Figure 10-3B).   
R
2 
- 
Circ
R
2 
- 
Axial
Bias 
(MPa)
Resid 
SD 
(MPa)
c4  
(MPa)
c5
c6  
(MPa)
M+F 0.93 0.68 -0.0236 0.1069
3.07 
(1.09)
74.35 
(49.00)
N/A
M+F+N 0.94 0.93 -0.0005 0.0610
2.30 
(0.96)
106.30 
(61.85)
2.44 
(1.43)
Model-fit
Circumferential-Axial Directions
Model Parameters
 
Table 10-2:  Model-fit results (left half) and model parameters (right half) for the M+F and 
M+F+N models applied to biaxial experimental data in the circumferential and axial 
directions.  A high R2 and very low bias represents a good fit. 
 
Figure 10-2: Representative fit of the M+F and M+F+N (labeled) model fit (solid line) to the 
1:2 biaxial experimental data (circles) in the A) circumferential and B) axial directions.  
Note the poor fit in the axial direction for the M+F model (unlabeled solid line). 
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Figure 10-3: A) Correlation of the fiber parameter, c5, with T1ρ relaxation time. * denotes a 
significnat decrease with degeneration (p = 0.04). B) Correlation of the model parameter 
for the normal fiber-matrix interaction term with T1ρ relaxation time.  ‡ denotes a trend with 
degeneration (p = 0.08). 
10.3.3 Validation of Model Applied to Biaxial Data 
The sample-specific parameters determined from M+F+N model were used to 
predict the stress-strain response of in three biaxial loading conditions, including 
circumferential-fixed, axial-fixed and equibiaxial.  The linear-region modulus from these 
predictions was used to compare with the sample specific measured modulus measured in 
Chapter 9.  The model overestimated the modulus in the axial-fixed condition by 
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approximately 50% (i.e. 1.5) in the linear-region.  The overestimation of the stress-strain 
behavior is likely due to the assumption that the out-of-plane contraction of the tissue 
oriented in the circumferential-axial direction is the same for all biaxial loading 
configurations.  The M+F+N model provided better estimates to the equibiaxial and 
circumferential direction loading conditions in the circumferential and axial directions.  
The determined equibiaxial stress-strain behavior in the circumferential and axial 
direction linear-region was lower than the experimentally measured linear-region 
modulus from Chapter 9 (normalized values of 0.92 & 0.85, respectively).  The stress-
strain behavior in the circumferential direction was dominated by the fibers, followed by 
the normal fiber-matrix interactions and the matrix components (Figure 10-5A).  In the 
axial direction, the stress-strain response in equibiaxial loading was dominated by both 
the fibers and the normal interaction term and the contribution by the matrix was low 
(Figure 10-5B).  In the circumferential-fixed strain configuration, the model over-
estimated the stress-strain behavior resulting in a linear-region modulus (1.69 MPa) that 
was 14% greater than the experimental data.  Based on these results, the model was 
considered to be valid for determining the biaxial behavior of the annulus. 
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Figure 10-4: Validation results of the M+F+N model.  Predicted linear-region modulus was 
normalized to the average experiemental data from Chapter 9.  The stress-strain behavior 
in the circumferential and axial direction were determined for the axial-fixed (Ax-Fixed), 
equibiaxial (1:1) and the circumferential-fixed (Circ-Fixed) biaxial loading conditions. 
 
Figure 10-5: Equibiaxal loading condition in the A) circumferential and B) axial directions 
using the average model parameters.  The stress contribution of the individual component 
is labeled on the figure. 
10.3.4 Validation of Model Applied to Uniaxial Data 
The model parameters determined from the M+F and M+F+S models from 
Chapter 8 were used to determine the stress-strain behavior of the annulus fibrosus under 
three biaxial loading conditions.  The biaxial loading conditions included fixing the axial 
or circumferential direction (up to 9% strain), and equibiaxial tension (to 6% strain).  
Both models (i.e. M+F and M+F+S) applied to the uniaxial experimental data were 
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evaluated since they resulted in a high R2 and low bias from the Bland-Altman analysis 
(see Chapter 8, Table 8-2).  The M+F model was able to provide reasonable predictions 
for the axial fixed biaxial loading condition with the linear-region modulus in the axial 
direction that was less than 10% from the average measured modulus.  However, the 
predicted linear-region modulus for the equibiaxial and circumferential-fixed loading 
conditions were 50% to 90% lower than the experimentally measured modulus from 
Chapter 9 for the circumferential and axial directions (Figure 10-6).  Similarly, the model 
parameters from the M+F+S model were not able to predict biaxial mechanical behavior 
(Figure 10-6).  The linear-region modulus determined by the M+F+S model 
overestimated the experimentally measured modulus by 60-95%.  Although both models 
fit extremely well to the uniaxial data, they were not sufficient for describing the biaxial 
behavior of the annulus fibrosus.   
 
Figure 10-6: The A) M+F and B) M+F+S model predictions of the linear-region modulus 
normalized to the average experiemental data from Chapter 9.  The stress-strain behavior 
in the circumferential and axial direction were determined for the axial-fixed (Ax-Fixed), 
equibiaxial (1:1) and the circumferential-fixed (Circ-Fixed) biaxial loading conditions. 
10.3.5 Parameter Correlations and Sensitivity 
The model parameters determined from the biaxial experimental data were 
compared with a Spearman’s correlation to determine whether any relationships existed 
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between model parameters.  The matrix model parameters were strongly correlated with 
one another, similar to the model used to fit to uniaxial experimental data, with a strong 
negative correlation between the matrix parameters c1 and c2 (r = -0.92; p < 0.0001), and 
between c2 and c3 (r = -0.97; p < 0.01).  There was a strong positive correlation between 
the matrix parameters c1 and c3 (r = 0.90; p < 0.001).  No other significant correlations 
were found between the fiber and normal interaction parameters (c4-6; p > 0.2). This 
suggests high confidence in fitting unique model parameters to the normal interaction and 
fiber parameters using the circumferential and axial biaxial experimental data.  
A sensitivity analysis was performed for each model parameter by varying each 
parameter by the mean ± 2 standard deviation (STD) and evaluating the biaxial 
mechanical properties for the 2:1 strain configuration in the circumferential and axial 
direction. The value for the v31 model parameter was negative for the mean-2x STD and 
was not evaluated, because it would suggest that the tissue expands under biaxial loads. 
The stress-stretch behavior in the circumferential direction was not sensitive to the matrix 
parameters (c1-3, ν31), with less than an 8% deviation from the linear-region modulus 
determined by the average model parameters (Figure 10-7).  In contrast, the behavior in 
the axial direction was sensitive to changes in the matrix parameters c1 and c3 with 
changes in the linear-region modulus by 12% and 23%, respectively (Figure 10-8).   
The circumferential and axial directions were highly sensitive to changes in the 
fiber parameter, c4 (variations in the linear-region modulus = 84% & 75%, respectively; 
Figure 10-9A & B) and the fiber parameter, c5, where the modulus was as much as 4X 
greater than the linear-region modulus calculated form the average parameters (Figure 
10-9C&D).   The circumferential direction stress-stretch behavior was not sensitive to 
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changes in the normal interaction parameter, c6, and had less than a 5% variation in the 
calculated modulus (Figure 10-9E).  However, stress-stretch behavior in the axial 
direction was sensitive to changes in the normal interaction parameter, with changes up to 
20% in the linear-region modulus (Figure 10-9F).  These results suggest that the fiber and 
the normal interaction terms will be highly sensitive to changes in the material properties 
of the tissue, which is beneficial for analyzing the change in the tissue mechanical 
function with degeneration or treatment.  
 
Figure 10-7: Sensitivity results in the circumferential direction (C11) for varying the matrix 
parameters by mean ± 2X standard deviation including A) c1, B) c2, C) c3 and D) ν31. Stress-
stretch lines are plotted for the average model parameters (thick solid line), mean ±1X and  
±2X the std. dev. (dashed line). 
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Figure 10-8: Sensitivity results in the axial direction (C22) for varying the matrix parameters 
by mean ± 2X standard deviation including A) c1, B) c2, C) c3 and D) ν31.  Stress-stretch 
lines are plotted for the average model parameters (thick line), mean ± 1X and ± 2X the std. 
dev. (dashed line). 
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Figure 10-9: Sensitivity results of varying the model parameters by the mean ± 2x standard 
deviation including the fiber parameter c4 (A & B) and c5 (C & D), and the normal 
paratmeter c6 (E & F).   All stress-deformation plots are shown for the circumferential (left 
column) and axial (right column) direction.   Stress-stretch lines are plotted for the average 
model parameters (thick line), mean ± 1X and ± 2X the std. dev. (thiner dashed line). 
10.3.6 Stress Contribution  
The percent stress contribution of the individual components (i.e. matrix and 
fibers) was calculated in the circumferential and axial direction using the stress from 
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individual components divided by the overall stress and was compared across the tissue 
orientations and strain regions (i.e. toe- and linear-region).  The stress contribution of the 
individual components was dependent on the tissue orientation (i.e. circumferential or 
axial direction) in the toe- and linear region (Figure 10-10 – asterisks).  In the 
circumferential direction toe-region, the fiber stretch was responsible for the greatest 
proportion of stress (73%), followed by the normal interaction term (21%), and the 
matrix (6%) contributed the least (Figure 10-10A).  In the axial direction toe-region, the 
normal interaction term (56%) and the fiber term (34%) contributed equal amounts, and 
the matrix (10%) contributed the least (Figure 10-10A).  The stress contribution in the 
toe-region was statistically different from the stress contribution in the linear-region for 
both the circumferential and axial directions (p < 0.001; Figure 10-10 – ‘a’); however, 
these differences were less than 5%, and is not likely to be a clinically significant 
difference.  
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Figure 10-10: Stress contribution in the circumferential and axial direction under a 1:2 
biaxial loading for the matrix (black), fibers (white) and normal interaction (striped) terms.  
* represents a significant difference between the circumferential and axial direction stress 
contribution (p < 0.01).  The stress contribution between the toe- and linear-region was 
statistically different for the circumferential and axial direction (represented by ‘a’); 
however, the difference in the median values were less than 5%. 
10.3.7 Prediction of Uniaxial Extension and Simple Shear  
Validated constitutive models can be used to determine the stress-strain response 
of more complex loading conditions of the tissue and provide a useful tool for evaluating 
behaviors that have not been determined experimentally.  The average model parameters 
from the M+F+N model were used to determine the stress-strain behavior of the annulus 
fibrosus under uniaxial tension and simple shear along the circumferential direction.  
Uniaxial extension was used to compare the model stress-strain behavior with data from 
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Chapter 7.  The model was used to determine the tissue behavior in simple shear, since 
experimental data is lacking in the literature with a large variation in the stresses 
reported.(Iatridis, Kumar et al. 1999; Fujita, Wagner et al. 2000; Yoder, Henninger et al. 
2009)  The average Poisson’s ratio from the uniaxial experiment in Chapter 7 (ν12 = 2.06) 
and a fiber angle of 30o was used to determine the stress-strain behavior in the 
circumferential direction.   
In uniaxial tension, the model provided a good stress-strain response in uniaxial 
extension for strains up to 0.10, with a toe-region modulus of 2.2MPa and a linear-region 
modulus of 19.9MPa (Figure 10-11), and these values are comparable to the toe- and 
linear-region modulus reported in Chapter 7 (3.4MPa & 21.8MPa, respectively).  The 
stress contribution by the matrix and fiber components were approximately equal, which 
is in contrast to the stress contribution results of the M+F and M+F+S models in Chapter 
8, due to the large negative normal interaction contribution (Figure 10-11 – dashed lines).  
The normal fiber-matrix interaction term was negative, but on the same order of 
magnitude as the fibers and matrix contribution.  In Chapter 8, the model-fit applied to 
uniaxial experimental data resulted in negative or zero normal fiber-matrix contributions, 
which resulted in the term being excluded from the model.  Based on these results, the 
model parameters determined from the biaxial experimental data accurately describes the 
stress-strain behavior of the circumferential direction for physiological strains of uniaxial 
tension. Furthermore, the model suggests that the matrix term provides a larger 
contribution than observed in Chapter 8. 
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Figure 10-11: Prediction of uniaxial extension in the circumferential direction using the 
model parameters from the M+F+N model. 
The model parameters were used to determine the stress-stretch behavior of the 
annulus fibrosus in simple shear along the circumferential and axial direction for shear 
strains up to 0.16.  The model predicted a toe-region shear modulus of 0.32 MPa and 
linear-region shear modulus of 3.5 MPa.  At strains below 0.10 the stress-strain behavior 
is provided predominately by the extrafibrillar matrix. The fibers contribute to the stress-
strain behavior greatly at higher shear deformations, and the normal interactions 
contributed approximately 20% of the total shear stress.  These results suggest that 
experimental studies that have evaluated the shear behavior of the annulus may be testing 
the extrafibrillar matrix (i.e. toe-region), unless a sufficient amount of preload or shear 
strain is applied to the tissue. 
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Figure 10-12: Prediction of simple shear (P12) in the circumferential direction using the 
model parameters from the M+F+N model. 
10.4 Discussion 
The structurally motivated nonlinear, anisotropic hyperelastic constitutive model 
of the annulus fibrosus was applied to biaxial experimental data to determine the model 
parameters and was validated using sample-specific biaxial experimental data. This study 
elucidated the relative role of the matrix, fibers, and normal fiber-matrix interactions in 
both nondegenerate and degenerate annulus tissue in biaxial tension oriented along the 
circumferential and axial directions.  The importance of including the normal fiber-matrix 
interaction term was apparent in the poor model-fit to the axial direction experimental 
data in the M+F model (R2 = 0.58). The M+F+N model was able describe the biaxial 
experimental data in both the circumferential and axial orientations (R2 > 0.9).  Based on 
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the model-fit results, the M+F+N model was selected for further analyses of validation, 
sensitivity and prediction of uniaxial extension and simple shear.   
The annulus fibrosus was described as a combination of the extrafibrillar matrix, 
fibers, normal, and shear interaction terms, where the contribution of the fiber-matrix 
interaction terms was highly dependent on what loading modalities were used to 
determine the model parameters.  In Chapter 8, the shear fiber-matrix interaction term 
contributed greatly to the linear-region stress in the circumferential direction.  In contrast, 
the shear interaction term was determined to be zero for the majority of the samples in 
biaxial extension.  The zero stress term is due to the assumed affine reorientation of the 
collagen fibers under load being less than 2o for strains up to 0.10 in the axial-fixed strain 
configuration (see Appendix G, Figure G-1).  Although the term was not included in 
further analyses in this study, it is possible that the shear fiber-matrix interactions play a 
more important role in other loading modalities, such as shear or torsion. 
The stress contribution of the individual components was dependent on 
degeneration and the sample orientation (i.e. circumferential or axial direction).  The 
normal fiber-matrix interactions had a significant role in the mechanical function of the 
axial direction and contributed to approximately 55% of the overall stress.  In contrast, 
the normal interactions contributed to less than 15% in the circumferential direction 
(Figure 10-10).  The poor fit to the axial direction in the M+F model and the large stress 
contribution by the normal fiber-matrix interactions suggests that the normal fiber-matrix 
interactions are more important for absorbing stresses in the axial direction.  The normal 
interaction term decreased with degeneration and is in agreement to the decrease in the 
axial direction modulus observed in Chapter 9.  The studies in Chapters 4 and 6 observed 
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tensile strains in the annulus on the opposite side of bending for nondegenerate discs; 
however, degenerate discs were highly compressive. These results suggest that the 
normal fiber-matrix interactions may play a significant role in the discs’ ability to handle 
high tensile strains and that a loss or weakening of the normal fiber-matrix interactions 
may alter the mechanical behavior of the disc in bending. 
The fiber material property that represents nonlinearity (c5) decreased with 
degeneration.  This suggests that in degenerate tissue, the toe-region stiffness of the 
collagen fibers is lower with an elongated toe-region.  The microstructural and 
compositional contributors to these changes are currently unknown, but may be due to 
collagen crosslinks or changes in minor collagens.  These additional microstructures that 
were not evaluated in this study may be important for describing the changes in the fiber 
component observed in this study and will be the focus of future work.  
Constitutive models can be used to evaluate the tissue in complex loading 
conditions or to evaluate the effect of degeneration or treatments; however, the success of 
these models is dependent on their ability to accurately determine the behavior of other 
loading modalities.  The M+F+N model applied to biaxial experimental data was able to 
closely match other biaxial strain configurations that were not used to fit the model 
parameters.   In equibiaxial and the circumferential direction fixed at zero strain, the 
model determined a linear-region modulus that was less than 15% from the experimental 
results reported in Chapter 9. The validation analysis was also performed on the model 
parameters determined for the M+F and M+F+S models that were applied to uniaxial 
experimental data (see Chapter 8).  Although the M+F model match the stress-strain 
behavior in the axial-fixed condition, both the M+F and M+F+S models underestimated 
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the stress-strain behavior in the other loading configurations by 40-90% (Figure 10-6).  
The uniaxial experimental data utilized for the model-fit was limited, due to uniaxial 
tensile testing being unable to properly load the tissue in the axial direction (see 
Discussion in Chapter 7), and may have resulted in the underestimated biaxial behavior. 
Significantly, the model derived from the biaxial experimental data was able to closely 
match the stress-strain behavior of the circumferential direction in uniaxial tension, with 
the toe- and linear-region modulus being within a standard deviation of the experimental 
data in Chapter 7 (3.4MPa & 21.8MPa, respectively; Table 7-2).  These results suggest 
that uniaxial loading is unable to accurately describe the tissue in biaxial extension; 
however, model parameters determined from biaxial loading is capable of predicting the 
stress-strain behavior in uniaxial extension.  These results are comparable to previous 
constitutive modeling of cardiac tissue.(Vande Geest, Sacks et al. 2006) 
While the M+F+N model described the equibiaxial, circumferential-fixed and 
uniaxial tension stress-strain behavior of the annulus fibrosus; it was limited by the over-
estimated linear-region modulus in the axial-fixed condition.  The out-of-plane 
contraction was fixed at 1.20, regardless of the biaxial strain configuration being applied 
to the tissue.  The material properties for the fibers and normal fiber-matrix interactions 
could either be solved for each biaxial strain configuration with the out-of-plane 
contraction fixed or the out-of-plane contraction can be a function of the strain 
configuration being applied. Therefore, the out-of-plane contraction in the axial-fixed 
condition may be more similar to the Poisson’s ratio determined by uniaxial experiments 
(ν12 = 2.06) in the circumferential direction (Figure 10-4).  This is also supported by the 
excellent prediction of uniaxial tension in the circumferential direction when the 
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Poisson’s ratio of 2.06 was used rather than 1.20 (data not shown).  These results suggest 
that the out-of-plane contraction of the tissue should be defined as a function of the 
deformation tensor and is the focus of future work. 
The M+F+N model was also used to determine the stress-strain behavior in 
simple shear along the circumferential-axial directions.  The toe- and linear-region shear 
modulus was comparable to wide range of the shear moduli reported in the literature 
(linear-region modulus = 25 kPa– 3.9 MPa; Figure 10-12).(Iatridis, Kumar et al. 1999; 
Fujita, Wagner et al. 2000; Yoder, Henninger et al. 2009) A linear stress-strain behavior 
with low stresses (kPa) has been observed in previous studies of the annulus fibrosus in 
shear, which is an order of magnitude lower than the shear stresses predicted by models 
of the annulus fibrosus. (Iatridis, Kumar et al. 1999; Fujita, Wagner et al. 2000; Yin and 
Elliott 2005) A recent study in our laboratory suggests that higher stresses (MPa) can be 
achieved by applying a tensile preload to the sample.  The high tensile preload is thought 
to engage the fibers during simple shear and resulted in a nonlinear stress-strain behavior 
with a toe-region modulus of 0.75 ± 0.66MPa and a linear-region modulus of 3.94 ± 
2.04MPa.(Yoder, Henninger et al. 2009)  In this study, the stress contribution of the 
individual components in simple shear suggests that the majority of the stress 
contribution is from the matrix at shear strains below 10% (Figure 10-12).  At higher 
shear strains, the contribution of the fibers and normal fiber-matrix interactions greatly 
increase which is comparable to the observations by the constitutive model (Yin and 
Elliott 2005) and a recent in vitro study.(Yoder, Henninger et al. 2009)   
The contribution of the normal or shear interaction term was dependent of the 
loading modality used to determine the model parameters (i.e. uniaxial or biaxial 
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tension).  In model-fit performed in Chapter 8, the normal interaction term was restricted 
to positive-only stresses and resulted in a small or zero stress contribution (< 1%; data not 
shown), suggesting that the contributions of normal fiber-matrix interactions are minor in 
uniaxial tension.  In this study, a negative normal interaction term was also observed in 
the prediction of the stress-strain behavior of the circumferential direction in uniaxial 
extension.  Similarly, the inclusion of the shear fiber-matrix interaction term was highly 
dependent on the loading condition used to determine the model parameters.  In uniaxial 
tension, the collagen fibers reorient towards the direction of loading at a rate of 
approximately 1o/% strain. (Guerin and Elliott 2006)  The large amount of fiber 
reorientation resulted in a large stress contribution by the shear fiber-matrix interactions 
in uniaxial tension.  In contrast, the model parameter for the shear fiber-matrix interaction 
term was zero for the majority of the samples, which is likely due to the fixed boundary 
condition in the transverse direction limiting the amount of fiber reorientation (see Figure 
F-1 in Appendix G).   Therefore, these results suggest that the shear fiber-matrix 
interactions or other interactions not included in this model (i.e. fiber-fiber interactions 
and interlamellae interactions) may be important for describing the annulus under more 
complex loading configurations. 
This study applied an anisotropic hyperelastic constitutive model to biaxial stress-
strain behavior of nondegenerate and degenerate human annulus tissue to evaluate the 
degenerative effects on the subcomponents, such as the collagen fibers, extrafibrillar 
matrix and the normal interactions between the fibers and matrix.  Experimentally, the 
mechanical properties of the tissue decreased in the axial direction with degeneration, 
which was observed as a decrease in the nonlinearity of the fibers and the normal fiber-
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matrix interaction term in the model. The current model was validated for uniaxial and 
biaxial tensile loading.   In conclusion, the results from this model can be used to improve 
the accuracy of finite element models of the intervertebral disc, which provides 
information for optimizing the design of spinal implants and biological implants and will 
help to advance the knowledge of the degenerative process. 
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Chapter 11: Conclusions and Future Directions 
11.1 Experimental Findings 
11.1.1 Structural Mechanics 
The intervertebral disc provides the spine with flexibility and absorbs the large 
complex loads of daily living.  The subcomponents of the disc include the nucleus 
pulposus and annulus fibrosus, which provide the disc with its nonlinear, anisotropic and 
viscoelastic mechanical behavior.  Disc degeneration is noted with altered mechanical 
function, decreased internal pressure and altered tissue composition.  In comparison, 
herniated discs or denucleated discs, decrease the internal pressure and shift more of the 
applied load directly to the annulus fibrosus.  Understanding how the noted degenerative 
changes in the nucleus pulposus and annulus fibrosus affect the overall mechanical 
function of the disc or tissue has been the motivation for the work presented in this 
dissertation.  In addition to focusing on the degenerative changes in the structure-level 
mechanics, the tissue-level mechanics was evaluated to understand the degenerative 
effect on the mechanical function of the annulus and its subcomponents (i.e. extrafibrillar 
matrix, fibers and their interactions).  
In Chapter 3, a noncontact, noninvasive technique was established for measuring 
internal displacements and strains of the intervertebral disc.  This technique was 
dependent on a high-resolution magnetic resonance imaging technique to acquire images 
that provided enough texture for strain analysis and an accurate texture correlation 
algorithm (Vic2D, Correlated Solutions Inc.).  The methods and techniques established 
 222 
were used to evaluate the internal displacements and strains of intact, annulotomy and 
discectomy discs in the subsequent chapters.  While this dissertation focused on the 
intervertebral disc, it is possible to expand these techniques to other tissues.  
Internal displacements and strains were measured for nondegenerate and 
degenerate intervertebral discs under axial compression in flexion, neutral and extension 
positions in Chapter 4.  Disc degeneration was quantified with the T1ρ relaxation time and 
is advantageous over the commonly used integer scale grading schemes (e.g. Pfirrmann 
or Thompson scales), which are subject to intra-observer variability.  Degenerate discs 
experienced more tensile radial and compressive axial strains, which may lead to 
microfractures or delamination of the annulus layers. Importantly, the posterior annulus 
in the neutral position exhibited large compressive axial and tensile radial strains than 
other annular regions. The smaller disc height, thinner lamellae layers and 
disorganization of the posterior annulus, coupled with a greater magnitude of radial and 
axial strains, may result in the posterior annulus being more susceptible to injury, leading 
to disc herniation.  The neutral loading position is especially important because the disc is 
constantly loaded in some level of axial compression during diurnal loading (~16 hours).  
This study also provided insights into the strain distribution under various loading 
conditions, with a translational shift in the nucleus pulposus and a gradual shift in the 
magnitude of the radial and axial strains from flexion to neutral and extension.  For 
example, the side of the applied bending load (i.e. anterior annulus in flexion) 
experienced higher tensile radial and compressive axial strains than the annulus on the 
opposite side of bending.  The axial strain on the opposite side of bending was tensile or 
compressive depending on its degenerative state, with nondegenerate discs experiencing 
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small tensile axial strains.  The tensile axial strains on the opposite side of bending may 
be due to a combination of the translational shift and the pressurization of the nucleus 
pulposus. Finally, this study provided valuable information that can be used to validate 
finite element models of the disc. 
The annulotomy study in Chapter 5 evaluated the effect of a cruciform incision 
through the posterior-lateral annulus, without the removal of nucleus pulposus material, 
on the internal mechanical behavior.  The results from this study showed very few 
changes in the strain environment of the mid-sagittal plane. Interestingly, there were no 
differences observed in the posterior annulus (closest analyzed region to the insertion 
site), but there was a decrease in the maximum axial strain in the anterior annulus to 
become less tensile following annulotomy.  Further evaluation of the effect of 
annulotomy on a possible injury or damage to the anterior annulus tissue was not 
evaluated with more samples, because it was the only parameter observed to change 
significantly. It is expected that the largest changes would occur in the posterior-lateral 
annulus fibrosus; however, this study did not look directly at the insertion site, due to 
imaging limitations described in Chapter 4.  
The established methods from Chapter 3 and the internal displacement and strain 
results observed in Chapter 4 were expanded upon in Chapter 6.  A discectomy was 
performed on the intervertebral discs by removing 2g of nuclear material from the 
nucleus pulposus.  This study observed increases in the overall axial deformation in 
neutral and bending positions, which is consistent with data available in the literature.  
The effect of discectomy was similar for nondegenerate and degenerate discs in bending; 
however, there were drastically different responses from nondegenerate and degenerate 
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samples in the neutral position.  In nondegenerate discs, the change in internal 
displacements and strains were minimal, suggesting that the remaining nucleus pulposus 
material was sufficient enough to reswell such that the axial direction mechanical 
behavior was similar to the intact discs.  In degenerate discs, the axial strain was up to 2X 
more compressive.  The changes in the radial strain were more complicated, where radial 
strain in the lateral annulus was more tensile and was less tensile in the posterior annulus 
for nondegenerate and degenerate discs. In degenerate discs, these changes with the radial 
strains were consistent with an inward bulging of the annulus in the mid-sagittal and mid-
coronal plane.  However, the cause for the changes in the radial strain of nondegenerate 
discs is not clear and may be due to the limited imaging sequence used (i.e. two-
dimensional imaging). The results from this study suggest that removing nuclear material 
and decreasing the internal pressure applies more direct loads to the annulus fibrosus in 
the neutral position, where the pressurized nucleus is crucial for transferring loads 
radially to the annulus.  The increased strain in the annulus may lead to tears or 
mechanical fatigue, causing further progression of the degenerative cascade.  
Tissue Mechanics and Constitutive Modeling 
The work in this dissertation also evaluated the uniaxial and biaxial tensile 
mechanical properties at the tissue level, specifically, the anterior annulus fibrosus in the 
radial, axial and circumferential directions in Chapters 7 and 9. The applied loading 
modality (i.e. uniaxial or biaxial tension) significantly altered the stress-strain behavior in 
the radial and axial direction.  For example, in the axial direction, the fibers were not 
fully engaged during physiological loading (strains below 0.20); resulting in a linear 
stress-strain behavior.   
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Although the composition of the annulus changes significantly with degeneration, 
there were relatively few changes in the tissue mechanics with degeneration.  In biaxial 
tension, the only observed change with degeneration was a decrease in the axial direction 
linear-region modulus. Similarly, in work presented in Chapter 4 showed lower tensile 
strains in the axial direction of degenerate discs in bending.  The decrease in stiffness 
with degeneration may be due to either tissue remodeling, to accommodate the more 
compressive strain environment, or a result of damaged or degraded collagen crosslinks 
and minor collagens.    
The final component of this dissertation was to apply an anisotropic, nonlinear, 
hyperelastic constitutive model to the annulus fibrosus using the uniaxial and biaxial 
experimental data to determine the model parameters (Chapters 8 and 10).  The annulus 
was described as a combination of the extrafibrillar matrix, fibers, and shear and normal 
fiber-matrix interaction terms.  The inclusion of the shear and normal interaction terms 
was highly dependent on the loading modality used to determine the model parameters, 
where the normal interactions were important in biaxial loading but dropped out when 
evaluating uniaxial tension.   
Importantly, this study showed a significant dependence of the model’s ability to 
describe the tissue behavior on the experimental data used to determine the model 
parameters. For example the models that fit well to uniaxial experimental data poorly 
predicted the biaxial behavior of the tissue.  However, the model applied to biaxial 
experimental data was able to accurately describe both the biaxial and uniaxial tensile 
response.  Therefore, these results suggest that using uniaxial experimental data is 
insufficient to model the mechanical behavior of the annulus fibrosus.   
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Applying the constitutive model to biaxial experimental data determined that the 
mechanical behavior of the annulus could be described accurately with terms defined for 
the matrix, fibers and the normal fiber-matrix interactions. The results from the 
constitutive model applied to biaxial tensile data were able to describe changes with 
degeneration that agreed with the experimental observations. The normal fiber-matrix 
interactions were an important contributor to the axial direction behavior and decreased 
with degeneration. These results suggest that the normal fiber-matrix interactions 
decrease or weaken with degeneration, which is comparable to the decrease in the axial 
direction stiffness observed in biaxial tension.  
The importance of the fiber-matrix interaction term was demonstrated in each of 
these studies, and it is likely that they will play a large role for evaluating complex 
loading conditions of the tissue such as torsion or shear.  The model applied to biaxial 
experimental data was validated and provided an excellent prediction of the mechanical 
behavior of the annulus fibrosus in uniaxial and biaxial tension and simple shear.  The 
prediction of the shear stress-strain behavior suggested that the fibers are not engaged 
until much higher strains than observed in uniaxial tension (i.e. strains above 10%) and 
was within the range of shear mechanical properties reported in the literature.  This work 
demonstrated that the model applied to biaxial tension was sufficient for describing the 
annulus fibrosus in multiple loading modalities, which is important for creating accurate 
finite element models of the joint. 
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11.2 Future Directions 
11.2.1 Structural Mechanics 
The noninvasive techniques used in Chapters 3 through 6 provided a valuable tool 
for evaluating more complex loading conditions and treatments.  Based on the limitations 
discussed in Chapters 3 and 4, future work should focus on improving the magnetic 
resonance image sequence to acquiring three-dimensional scans or to decrease the 
scanning time.  Three-dimensional imaging would allow for complete evaluation of the 
internal strains and for more complex loading conditions to be applied, such as shear and 
torsion.   
The work in this dissertation was also limited to evaluation of the internal 
displacements and strains parallel to the spinal axis. Two-dimensional imaging of the 
axial plane would require improvement of the image resolution by improving the image 
sequence or the magnetic resonance coil.  For example, a birdcage coil would surround 
the disc and may allow for high-resolution images to be acquired for strain analysis in the 
axial plane.  Imaging the axial plane would provide a more complete understanding of the 
internal strain distribution through the spatial regions of the annulus (i.e. lateral, anterior 
and posterior annulus).  Furthermore, noninvasive techniques and methods established in 
this dissertation can be used to evaluate the mechanical effect of non-metallic partial or 
total disc replacements, and other invasive surgical techniques. 
Current partial disc replacements are designed to replace the degenerate nucleus 
pulposus either through an injectable solution or by inserting a device with predetermined 
dimensions.  The effect of these partial disc replacements on the internal strain 
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environment of the surrounding tissue would be valuable for comparing replacement 
devices.  Based on the results in Chapter 6, it would be advantageous to use a partial disc 
replacement that relieves the annulus fibrosus from some of the additional axial 
compression. A preliminary study used an injectable hydrogel material to replace the 
removed nucleus pulposus material from discectomy and showed promise in using this 
technique for evaluating injectable implants.   
It is important to note that all of the structural studies (motion segment) in this 
dissertation were completed without the attachment of the facet joints.  Chapters 4 and 6 
observed higher internal radial and axial strains in the posterior annulus, which may lead 
to annular tears or mechanical fatigue of the tissue.  However, it is likely that the facet 
joints decrease the load experienced by the posterior annulus, and degeneration of the 
facet joints may affect the strain distribution in the disc.  A better understanding of the 
role of the facet joints in healthy and degenerate discs is important to understanding the 
mechanical function of the posterior annulus fibrosus in situ.  
Future treatments are moving towards tissue engineering of either the 
subcomponents (i.e. the annulus fibrosus or nucleus pulposus) or the entire disc.  Success 
of the disc treatment is dependent on its ability to restore the mechanical function of an 
intact healthy disc.  The internal mechanics and the effect of these treatments on the 
surrounding tissues (e.g. the endplates and vertebral bodies) must be understood in order 
to design the optimal intervertebral disc replacement.  It is important that disc 
replacements do not overload one subcomponent or significantly alter the loading of the 
joint, which may lead to degeneration or mechanical fatigue of the overloaded spinal 
component, such as adjacent discs, the annulus fibrosus or the vertebral body.  
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11.2.2 Tissue Mechanics 
Biaxial testing provides a better representation of in situ loading conditions for 
many musculoskeletal tissues (e.g. meniscus and tendon insertion site).  It is known that 
the mechanical properties of the annulus vary depending on the circumferential location; 
however, the work in this dissertation was limited to evaluation of nondegenerate and 
degenerate outer anterior annulus fibrosus.  Future work should evaluate the effect of 
degeneration and spatial variation (e.g. inner annulus and posterior annulus) of the biaxial 
mechanical properties.  In uniaxial experiments, the inner annulus and the posterior 
annulus have been shown to be weaker than the outer anterior annulus fibrosus tissue.  It 
is possible that degeneration significantly alters the mechanical function of these tissues 
more than the outer anterior annulus fibrosus.  Furthermore, the compositional changes in 
the center region of the discs have been shown to increase in the type I collagen content 
and decrease in the glycoaminoglycan content, which may suggest that the inner annulus 
tissue becomes stiffer with degeneration.  As shown in this dissertation, evaluating the 
mechanical behavior of the annulus fibrosus under physiological loading conditions 
provides more accurate information for modeling the behavior of the tissue. 
Biaxial loading is also advantageous for studying annular tear propagation, which 
has had limited success in uniaxial extension.  The inability to experimentally observe 
tear propagation in the annulus may be due to the high strength of the collagen fibers, the 
low stresses applied and the freely contracting edges of uniaxial tensile experiments.  
Understanding the loading conditions that cause tear is critical for future treatment or 
prevention of full thickness radial tears that lead to herniated discs.   
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11.2.3 Theoretical Evaluation of the Annulus Fibrosus 
The constitutive model applied to the biaxial tensile mechanical behavior of the 
annulus, accurately predicted the behavior in uniaxial tension and simple shear.  An 
accurate constitutive model provides valuable information regarding the individual tissue 
components (e.g. matrix and fibers), and can be used to evaluate the effect of 
degeneration or biochemical treatments, by comparing the material properties.  This 
would also provide insight to the microstructural component affected by the treatment.  
Furthermore, a validated model allows the contribution of a specific subcomponent to be 
evaluated by varying the model parameters, which is advantageous for limiting the 
amount of experimentation needed.  
An accurate constitutive model of the annulus can be incorporated into finite 
element models to describe the mechanical function of the intervertebral disc. Similar to 
constitutive modeling of the annulus, these models can be utilized to evaluate the effect 
of disc degeneration by simulating changes in the discs subcomponents (i.e. nucleus 
pulposus or annulus fibrosus) or the tissue subcomponents (i.e. normal or shear 
interaction terms). Finite element models are limited by the accuracy of the data in the 
literature that they use to describe the matrix and the fibers; therefore, application of the 
results from work in this dissertation can improve and further validate the predictions 
made by finite element models.   
11.3  Final Conclusions 
Degeneration and discectomy significantly increases the internal radial and axial 
strains in the annulus fibrosus, and discectomy caused an increase in the amount of 
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inward bulging of the inner annulus of degenerate discs.  The internal deformations 
measured in this study provided a better understanding of the internal mechanics of intact 
and discectomy discs under axial compression in the neutral and bending loading 
positions.  Uniaxial loading of the annulus fibrosus is not physiologically relevant and 
provides spurious results for the mechanical behavior in the axial direction.  In contrast, 
biaxial loading provides more physiologically relevant loading and causes the tissue to 
experience significantly higher stresses as experienced in situ.  The nonlinear anisotropic 
strain energy model developed for the annulus fibrosus fit the biaxial experimental 
dataset well and provided an accurate prediction of the uniaxial mechanical behavior.  
This model provides a framework for future evaluation of the mechanical function of the 
tissue due to specific structures such as collagen crosslinks, minor collagens, or 
proteoglycans, to provide a better understanding of disc degeneration.   
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APPENDIX A: MATLAB CODE FOR DISC AREA AND HEIGHT 
MEASUREMENT 
 
function [] = discheight () 
%   DISCHEIGHT Calculates the average disc height of the disc using a 
%   sagittal or coronal section of the disc. 
% 
%   The image resolution, in mm/pixel, will be inputted into the  
%   program and should be known prior to running the program.  The  
%   images should be in the working directory (.tif or .jpg). 
% 
%   A polygon is created by selecting the superior and inferior  
%   vertebral body.  Double click to close the polygon area. 
% 
%   The average disc space area is calculated as the selected region  
%   between the superior and inferior vertebral bodies divided by the  
%   selected AP width. 
% 
%   Instructions for the program are shown in the command line ONLY  
%   during analysis of the first image. 
% 
%   Output parameters include: filename, disc space area, AP width,  
%   average disc area. 
% 
%   Created by Grace O'Connell on 04.29.08 
% --------------------------------------------------------------------- 
  
  
% Get all images 
Din  = dir(fullfile(pwd,'*.tif')); 
Din2 = dir(fullfile(pwd, '*.jpg')); 
Ns   = length(Din); 
Ns2  = length(Din2); 
  
% Ask the user for the image resolluion in mm/pixel 
prompt  = {'What is the scale in mm/pixel?'}; 
dlg_title  = 'Input scale'; 
num_lines  = 1; 
answer2  = inputdlg(prompt, dlg_title, num_lines); 
scale  = str2double(answer2{1}); 
  
% Run disc height analysis for .TIF images: 
for i = 1:Ns 
    close all 
    if i == 1 
        % Reads and displays the image. "roipoly" command outlines the 
        % disc.  Also gives instructions for the user. 
        disp('Outline the disc by selecting along the endplates.') 
        disp('Use the crosshairs and click points to select the  
  disc.'); 
        disp('Double click the mouse when you have finished selecting  
the region.'); 
      disp('Press ENTER to begin') 
      pause 
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    end 
     
    fname = Din(i).name; 
    disc  = imread(fname); 
    imshow(disc); 
    axis on; 
    clear BW xi yi; 
     
    [BW,xi,yi]=roipoly;  % saves gross region as disc_gross in binary 
    close all; 
     
    % Calculate the centroid of the disc 
    [meanx_gross, meany_gross] = centroid(BW); 
     
    if i == 1; 
        % Displays more user instructions to select the AP width. 
        disp('Now you are going to select the endpoints of the major  
  axis of the') 
        disp('disc space area from the anterior to the posterior region  
  of the disc.') 
        disp('Once the major axis has been selected, hit ENTER.'); 
        disp('Press ENTER to continue') 
        pause 
    end 
     
    figure(1) 
    imshow(disc) 
    hold on 
    plot(xi,yi,'k.-') 
    axis on; 
    plot(meanx_gross,meany_gross,'r*') 
    
    % User selects the endpoint of the disc major axis. 
    [x,y]=ginput; 
     
    % Superimposes the selected region onto the image. 
    plot(x,y,'k-') 
    close all; 
     
    % Calculate all measurements given the inputs obtained above: 
    total = find(BW); % finds nonzero elements (selected region) of the  
    disc 
    Maj_axis_gross = (sqrt(abs(x(2,1)-x(1,1))^2 + abs(y(2,1)- 
    y(1,1))^2)*scale); 
    gross_area = size(total)*scale^2; 
    avgheight = gross_area(1)/Maj_axis_gross; 
     
    %Writes disc information to a .txt file 
    fid = fopen('height_results.txt', 'a+');  
 
    if i == 1; 
        fprintf(fid, '\nFilename \tDisc Space Ara \tAP width \tAverage  
  disc height'); 
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    end 
     
    fprintf(fid,'\n%-20s \t %-7f \t %-7.3f \t %-7.3f',fname,  
    gross_area(1), Maj_axis_gross, avgheight); 
    fclose(fid); 
end 
  
% Run disc height analysis for .JPG images: 
for j = 1:Ns2 
     
    if j == 1; 
        % Reads and displays the image. "roipoly" command outlines the 
        % disc.  Also gives instructions for the user. 
        disp('Outline the disc by selecting along the endplates.') 
        disp('Use the crosshairs and click points to select the  
  disc.'); 
        disp('Double click the mouse when you have finished selecting  
  the region.'); 
        disp('Press ENTER to begin') 
        pause 
    end 
     
    fname = Din2(j).name; 
    disc  = imread(fname); 
    imshow(disc); 
    axis on; 
    clear BW xi yi; 
     
    [BW,xi,yi]=roipoly;  % saves disc_gross region in binary 
    close all; 
     
   % Calculates the disc centroid 
    [meanx_gross, meany_gross] = centroid(BW); 
     
    if j == 1; 
        % Displays more user instructions to select the AP width. 
        disp('Now you are going to select the endpoints of the major  
  axis of the') 
        disp('disc space area from the anterior to the posterior region  
  of the disc.') 
        disp('Once the major axis has been selected, hit ENTER.'); 
        disp('Press ENTER to continue') 
        pause 
    end 
     
    figure(1) 
    imshow(disc) 
    hold on 
    plot(xi,yi,'k.-') 
    axis on; 
    plot(meanx_gross,meany_gross,'r*') 
     
    % User selects the endpoint of the disc major axis. 
    [x,y] = ginput; 
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    % Superimposes the selected region on the image. 
    plot(x,y,'k-') 
    close all; 
     
    % Calculate all measurements given the inputs obtained above: 
    total=find(BW); % finds nonzero elements (selected region) of the  
    disc 
    Maj_axis_gross = (sqrt(abs(x(2,1)-x(1,1))^2 + abs(y(2,1)- 
    y(1,1))^2)*scale); 
    gross_area = size(total)*scale^2; 
    avgheight = gross_area(1)/Maj_axis_gross; 
     
    %Writes disc information to a .txt file in the pwd 
    fid = fopen('height_results.txt', 'a+'); 
    if j == 1; 
        fprintf(fid, '\nFilename \tDisc Space Ara \tAP width \tAverage  
  disc height'); 
    end 
 
    fprintf(fid,'\n%-20s \t %-7f \t %-7.3f \t %-7.3f',fname,  
    gross_area(1), Maj_axis_gross, avgheight); 
    fclose(fid); 
end 
 
close all; 
end 
  
  
function [meanx,meany] = centroid(pic) 
% Checking whether the picture is colored or monochromatic, if colored 
% then converting to gray. 
[x,y,z] = size(pic); 
if(z == 1) 
else 
    pic = rgb2gray(pic); 
end 
im = pic; 
[rows,cols] = size(im); 
 
% Matrix with each pixel set to its x coordinate: 
x = ones(rows,1)*[1:cols]; 
% Matrix with each pixel set to its y coordinate: 
y = [1:rows]'*ones(1,cols); 
 
area  = sum(sum(im)); 
meanx = sum(sum(double(im).*x))/area; 
meany = sum(sum(double(im).*y))/area; 
 
end 
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APPENDIX B: MATLAB CODE TO ANALYZE VIC2D OUTPUT 
 
% VICANALYSIS analyzes vic2D files and averages strain data for MRI  
%   images. 
%   Shear is reported as an absolute value. 
% 
%   Values are exported into a text file as: 
%   Filename average, stdev, max and min for Exx, Eyy and |Exy|;  
%   average and stdev for Ep1, Ep2 and theta 
% 
%   Normalized histograms of the strains are also created. 
% 
%   CREATED BY: Grace O'Connell 04.04.2008 
  
  
% Get all EXCEL files 
Din = dir(fullfile(pwd,'*.csv')); 
Ns  = length(Din); 
  
for i = 1:Ns 
    fname = Din(i).name; 
    data = csvread(fname, 1, 0); 
     
    % DETERMINE AVERAGE, STD, MAX, MIN AND RANGE OF STRAIN COMPONENTS: 
    % Radial Strain 
    nonzeros = find(data(:,6)); 
    exxavg   = mean(data(nonzeros,6)); 
    exxstd   = std(data(nonzeros,6)); 
    exxmax   = max(data(nonzeros,6)); 
    exxmin   = min(data(nonzeros,6)); 
    rangeexx = exxmax - exxmin; 
     
    % Axial Strain: 
    eyyavg   = mean(data(nonzeros,7)); 
    eyystd   = std(data(nonzeros,7)); 
    eyymax   = max(data(nonzeros,7)); 
    eyymin   = min(data(nonzeros,7)); 
    rangeeyy = eyymax - eyymin; 
     
    % Shear Strain: 
    exyavg   = mean(abs(data(nonzeros,8))); 
    exystd   = std(abs(data(nonzeros,8))); 
    exymax   = max(abs(data(nonzeros,8))); 
    exymin   = min(abs(data(nonzeros,8))); 
    rangeexy = exymax - exymin; 
     
    % Principle Strains: 
    ep1avg = mean(data(nonzeros,9)); 
    ep1std = std(data(nonzeros,9)); 
     
    ep2avg = mean(data(nonzeros,10)); 
    ep2std = std(data(:,10)); 
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    thetaavg = mean(data(nonzeros,11)); 
    thetastd = std(data(nonzeros,11)); 
     
    % PLOT HISTOGRAMS: 
    figure; 
     
    % Radial strain: 
    subplot(2,2,1); 
    [x1, n1] = hist(data(nonzeros,6),10); 
    bar(n1*100,x1./sum(x1)*100,  1); 
    title({fname}); 
    xlabel('Strain, Exx') 
    ylabel('Intensity') 
     
    % Axial Strain: 
    subplot(2,2,2); 
    [x2, n2] = hist(data(nonzeros,7),10); 
    bar(n2*100,x2./sum(x2)*100,  1); 
    xlabel('Strain, Eyy') 
    ylabel('Intensity') 
     
    % Shear Strain: 
    subplot(2,2,3); 
    [x3, n3] = hist(abs(data(nonzeros,8)),10); 
    bar(n3*100,x3./sum(x3)*100,  1); 
    xlabel('Strain, |Exy|') 
    ylabel('Intensity') 
     
    % Save image 
    [row, col] = size(fname); 
    fname2 = fname(1,1:(col-4)); 
    saveas(gca, fname2,'jpg'); 
    %close(gcf) 
      
     
    % Output data into a text file: 
    fid = fopen('results.txt', 'a+'); 
    if i == 1 
        fprintf(fid, '\nFilename \tExx \tExxstd \tExxmax \tExxmin \tExx  
  range \tEyy \tEyystd  \tEyymax \tEyymin \tEyy range \t|Exy|  
  \t|Exy|std  \tExymax \tExymin \tExy range \tEp1 \tEp1std \tEp2  
  \tEp2std \tTheta \tThetastd'); 
        fprintf(fid, '\n %20s \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t  
  %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.6f \t  
  %6.6f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t  
  %6.4f \t %6.4f \t %6.4f \t %6.4f',... 
        fname, exxavg, exxstd, exxmax, exxmin, rangeexx, eyyavg,  
  eyystd, eyymax, eyymin, rangeeyy, exyavg, exystd, exymax,  
  exymin, rangeexy, ep1avg, ep1std, ep2avg, ep2std, thetaavg,  
  thetastd); 
    else 
 
      fprintf(fid, '\n %20s \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t  
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%6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.6f \t  
%6.6f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t 
%6.4f \t %6.4f \t %6.4f \t %6.4f',... 
fname, exxavg, exxstd, exxmax, exxmin, rangeexx, eyyavg, eyystd, 
eyymax, eyymin, rangeeyy, exyavg, exystd, exymax, exymin, 
rangeexy, ep1avg, ep1std, ep2avg, ep2std, thetaavg, thetastd);       
 
    end 
 
    fclose(fid); 
end 
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APPENDIX C: DERIVATION OF INVARIANTS  
 
From the Matlab command line:  
% Set variables 
syms C11 C22 C33 C12 C21 C13 C31 C23 C32 a theta 
  
% Determine deformation tensor and Invariants 
C = [C11 C12 C13; C21 C22 C23; C31 C32 C33]; 
trC = trace(C); 
a = [cos(theta) sin(theta) 0]; 
  
I1 = trC; 
I2 = 1/2*((trC^2 - trace(C^2))); 
I3 = det(C); 
I4 = a*C*a'; 
I5 = a*C^2*a'; 
 
 
Invariants for the general deformation tensor: 
I1 = C11 + C22 + C33 
  
I2 = ½*[(C11 + C22 + C33)^2 - C11^2 - C22^2 - C33^2] – C12*C21 – C13*C31 – 
C23*C32 
  
I3 = C11*C22*C33 - C11*C23*C32 - C12*C21*C33 + C12*C23*C31 + 
C13*C21*C32 - C13*C22*C31 
  
I4 = sin((theta))*(C12*cos(theta) + C22*sin(theta)) + cos((theta))*(C11*cos(theta) + 
C21*sin(theta)) 
  
I5 = cos((theta))*(cos(theta)*(C11^2 + C12*C21 + C13*C31) + sin(theta)*(C11*C21 
+ C21*C22 + C23*C31)) + sin((theta))*(sin(theta)*(C22^2 + C12*C21 + C23*C32) + 
cos(theta)*(C11*C12 + C12*C22 + C13*C32)) 
  
 
SIMPLE SHEAR in the 1-2 direction: 
The deformation gradient, 21 eceIF !+= , where I is the identy and c (c = tan(t)) 
is the shear applied in the 1-2 direction.  Therefore, the deformation tensor, C has 
zero terms in C13 = C31 = C23 = C32, and the invariants simplify to:  
 
I1 = C11 + C22 + C33 
  
I2 = (C11 + C22 + C33)^2/2 - C11^2/2 - C22^2/2 - C33^2/2 - C12*C21 
  
I3 = C11*C22*C33 - C12*C21*C33 
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I4 = sin((theta))*(C12*cos(theta) + C22*sin(theta)) + cos((theta))*(C11*cos(theta) + 
C21*sin(theta)) 
  
I5 = cos((theta))*(cos(theta)*(C11^2 + C12*C21) + sin(theta)*(C11*C21 + 
C21*C22)) + sin((theta))*(sin(theta)*(C22^2 + C12*C21) + cos(theta)*(C11*C12 + 
C12*C22)) 
 
  
Simplified case of UNIAXIAL and BIAXIAL extension: 
The deformations are restricted to the primary axis. The deformation gradient for 
uniaxial extension along the 1-direction is 
332211
ee
1
ee
1
eeIF !+!+!+=
""
" .  For biaxial extension along the 1- and 
2- directions the deformation gradient is 
3322211
ee
1
eeeeIF !+!+!+=
"
""
, where l is the fiber stretch. Therefore, 
C12 = C21 = C13 = C31 = C23 = C32 = 0, and the invariants simplify to:   
 
I1 = C11 + C22 + C33 
  
I2 = (C11 + C22 + C33)^2/2 - C11^2/2 - C22^2/2 - C33^2/2 
  
I3 = C11*C22*C33 
  
I4 = C11*cos((theta))*cos(theta) + C22*sin((theta))*sin(theta) 
  
I5 = cos((theta))*cos(theta)*C11^2 + sin(conj(theta))*sin(theta)*C22^2 
  
 
Partial Derivative of the Invariants: 
To calculate the stress for the continuum model dIα/dC is needed: 
!
!
!
"
#
$
$
$
%
&
=
100
010
001
dC
dI
1  
 
!
!
!
"
#
$
$
$
%
&
+
+
+
=
C22  C11C23-C13-
C23-C33  C11C12-
C13-C12-C33  C22
dC
dI
2   
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!
!
!
"
#
$
$
$
%
&
=
C12*2 - C22*C11C23*C11 - C12*C13C13*C22 - C23*C12 
C23*C11 - C13*C12C13*2 - C33*C11C33*C12 - C23*C13
C13*C22 - C23*C12C33*C12 - C13*C23C23*2 - C33*C22
dC
dI
3  
 
1
C*J
dC
dJ !
=  
 
!
!
!
"
#
$
$
$
%
&
=
000
0^2sin(theta)sin(theta)*cos(theta)
0sin(theta)*cos(theta)^2cos(theta) 
dC
dI4   
  
For clarity, the nine components of dI5/dC are shown separately. 
sin(theta)*cos(theta)*C12*2 ^2cos(theta)*C11*2
dC
dI
11
5 +=
sin(theta)*cos(theta)*C22  sin(theta)*cos(theta)*C11  C12 
dC
dI
12
5
++=
cos(theta)*sin(theta)*C23  ^2cos(theta)*C13
dC
dI
13
5 +=
sin(theta)*cos(theta)*C22  sin(theta)*cos(theta)*C11  C12 
dC
dI
21
5 ++=
 sin(theta)*cos(theta)*C12*2  ^2sin(theta)*C22*2
dC
dI
22
5 +=
sin(theta)*cos(theta)*C232)^thetacos(*13C
dC
dI
23
5 +=
sin(theta)*cos(theta)*C23  ^2cos(theta)*C13 
dC
dI
31
5 +=  
sin(theta)*cos(theta)*C13  ^2sin(theta)*C23 
dC
dI
32
5 +=  
0 
dC
dI
33
5 =  
 
Note that the deformation tensor is symmetric; therefore, it can be simplified by 
setting C12 = C21, C13 = C13, C23 = C32. 
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APPENDIX D: MATLAB PROGRAM FOR CONSTITUTIVE MODEL 
 
The following Matlab code is shown for the biaxial model. Similar code was used to fit to 
the uniaxial experimental data; therefore, it was not included in the appendix. 
% biaxial.m Constitutive Model 
%   This program computes a least squares curve fit to two biaxial 
%   experimental datasets in the circumferential-axial direction, and  
%   the sample specific radial-axial biaxial data. 
%    
%   Multiple samples can analyzed at the same time. 
% 
%   The model collects input information using getbiaxdata2.m.  The  
%   model includes terms for the matrix, fiber, shear and normal fiber- 
%   matrix intralamella interactions.  The matrix is modeled as a  
%   Mooney-Rivlin material. The fiber is modeled as an exponential  
%   equation as proposed by Eberlein et al.  The shear fiber-matrix  
%   interaction term is adapted from Peng et al (2005).  The normal  
%   fiber-matrix interaction term was derived by Guerin et al (2007)  
%   and is linear. 
% 
%   Set up of the datafiles: 
%   The radial:axial data from the biaxial machine should be in a 
%   separate sheet with only the first line as the header line.  The  
%   final column should have the sample dimensions in the following  
%   order: Axis 1 width, Axis 2 width, sample thickness.  The  
%   circumferential:axial datasets should be set up similarly, and the  
%   sheets should be labeled 'circ' and 'circ2'.  Additional data for  
%   the circumferential:axial samples is needed for the model fit and  
%   should be included in the both sheets.  Below the sample dimension  
%   data the following data should be included in the final coulumn:  
%   2*phi = the combined fiber angle measured, the transition strain in  
%   the circumferential direction, and the transition strain in the  
%   axial direction. 
% 
%   Since the radial:axial data is fit first run the program with  
%   solverad = 1 (set on line 36 of the program).  Once the matrix  
%   model parameters are determined add an sheet to the sample data  
%   file labeled 'mrcs' with the four outputted model parameters. 
% 
% CREATED BY: Grace D. O'Connell in 2008 
  
solverad = 0; 
  
clear all; 
close all; 
  
% Get directory information and data files: 
Din = dir(fullfile(pwd,'*.xls')); 
Ns  = length(Din); 
 
% Prompt user for choice of files 
sr_v = listdlg(... 
    'PromptString', 'Choose Files', ... 
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    'SelectionMode', 'Multiple', ... 
    'Name', 'Conversion File List', ... 
    'InitialValue', 1:Ns, ... 
    'ListString', {Din.name}); 
 
% Cancel if no images are selected  
if(sr_v==0) 
    disp('Canceling ...'); 
    return; 
end 
  
% Run the Model fit for each sample: 
for i=1:length(sr_v) 
     
    clear R2* Data x1_tmp v RMSE* S11* S22* tfbc* lambda W HH JJ FF GG  
    theta toeloc linloc axloc x1_tmp residual* meandiff* stddiff*  
    ICIRC*; 
     
    % Set options for curve-fitting algorithm to be used. 
    options = optimset('Display', 'off', 'TolX',1e-9,  
    'MaxFunEvals',50000, 'MaxIter',50000, 'FunValCheck', 'off',  
    'TolFun', 1.000e-009); 
    init = 5; 
    fname = char(Din(sr_v(i)).name); 
     
    if solverad == 1; 
        % FIRST SOLVE FOR MATRIX PARAMETERS USING DATA FROM THE SAMPLES 
        % ORIENTED ALONG THE RADIAL-AXIAL DIRECTIONS 
         
        % Lower Bound 
        lb = [0 -inf 0 0.5 -inf]; 
        % Upper Bound 
        ub = [inf 0 inf 5 inf]; 
         
        % Input which matrix model to use: mr = 0 for neo-Hookean;  
  % mr = 1 for Mooney Rivlin; mr = 2 to solve the radial  
     % direction as a neo-Hookean matrix material with minor  
    % collagen fibers 
        IRAD.mr = 1; 
        ICIRC.mr = IRAD.mr; 
         
        % Samples oriented along the radial-axial direction: 
        % GET DATA for samples oriented along the radial- axial 
        % directions: 
        [fname IRAD ]  = biaxdata(i, Din, sr_v, pwd); 
        x1    = zeros(init,length(lb)); 
        guess   = zeros(init, length(lb)); 
        R2rall   = zeros(init,1); 
 
        for j = 1:init             
            pp = rand; 
            v(1) = pp;          % Matrix term, c1 
            v(2) = pp*10;       % Matrix term, c2 
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            v(3) = pp;          % Matrix term, c3 
            %         elseif IRAD.mr == 1 
            %             v(3) = pp; 
            %         elseif IRAD.mr == 2 
            %             v(3) = pp;  % Fiber term, c3  
            %             v(4) = pp;  % Fiber term, c4 
            %         end 
            v(4) = pp*10;      % Out-of-plane contraction  
             
            guess(j,:) = v; 
            Ydata = [IRAD.stress(:,2); IRAD.stress(:,3)];  
             
            [x1_tmp, resnorm, residualr, exitflag, output] = 
lsqcurvefit(@fun_rad,v,IRAD, Ydata, lb, ub, options); 
             
            x1(j,:) = x1_tmp; 
            FF = @(x1) fun_rad(x1,IRAD); 
            GG = FF(x1_tmp); 
            HH = GG(1:IRAD.length); % Stress along the AX direction 
            JJ = GG(IRAD.length+1 : 2*IRAD.length); % Rad dir. Stress 
             
            % Calculate R2 and for the guess 
            R2circr   = 0; 
            R2axr     = double(cal_Rsq(IRAD.stress(:,2),HH)); 
            R2radr    = double(cal_Rsq(IRAD.stress(:,3),JJ)); 
            R2rall(j) = R2circr + R2axr + R2radr; 
             
            residualrall(:,j)= residualr; 
        end 
         
        % Choose the parameters that correspond to the lowest Bland- 
        % Altman results 
        [mr2, r2indx1] = min(std(residualrall)); 
        xrad = x1(r2indx1,:); 
         
        [b] = fun_rad(xrad, IRAD); 
        HH  = b(1:IRAD.length);  % AX direction stress 
        JJ  = b(IRAD.length+1 : 2*IRAD.length); % RAD direction stress 
         
        R2r(1) = 0; % Circ direction 
        R2r(2) = double(cal_Rsq(IRAD.stress(:,2),HH)); % Ax direction 
        R2r(3) = double(cal_Rsq(IRAD.stress(:,3),JJ)); % RAD direction 
         
        % Bland-Altman analysis results 
        diffr = residualrall(:,r2indx1); 
        meandiffr = mean(diffr); 
        stddiffr = std(diffr); 
         
        %   GRAPH THE RAD: AX RESULTS 
        [row, col] = size(fname); 
        figure('name', strcat(fname(1:col-4),': Oriented along the RAD- 
  AX directions')); 
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%         subplot(2,2,1); 
%         plot(IRAD.deform(:,3), IRAD.stress(:,1),'ob'); 
%         hold on; 
%         plot(IRAD.deform(:,3), KK, '-m'); 
%         title('CIRC direction'); 
%         xlabel('Stretch'); 
%         ylabel('Stress (MPa)'); 
         
        subplot(2,2,2); 
        plot(IRAD.deform(:,2), IRAD.stress(:,2),'ob'); 
        hold on; 
        plot(IRAD.deform(:,2), HH, '-m');  
        title('AXIAL direction'); 
        xlabel('Stretch'); 
        ylabel('Stress (MPa)'); 
         
        subplot(2,2,3); 
        plot(IRAD.deform(:,3), IRAD.stress(:,3),'ob'); 
        hold on; 
        plot(IRAD.deform(:,3), JJ, '-m'); 
        title('RADIAL direction'); 
        xlabel('Stretch'); 
        ylabel('Stress (MPa)'); 
         
        % OUTPUT RESULTS in working directory 
            fid = fopen('radial results.txt', 'a'); 
 
            if i==1; 
                fprintf(fid, '\nFilename \tv31 \tMatrix  
    parameters\t\t\tR2 Radial \t\t\tBland Altman Rad\t'); 
                fprintf(fid,   '\n       \t    \tc1 \tc2\tc3             
    \tcirc \tax \trad \tmean \tstdev'); 
            end 
 
            fprintf(fid,'\n %-20s \t %6.3f \t %6.3f \t %6.3f \t %6.3f   
\t %6.3f  \t %6.3f \t %6.3f \t %6.6f \t %6.6f \t %6.3f \t 
',... 
            fname, IRAD.v21, xrad(1:3), R2r, meandiffr, stddiffr); 
            fclose(fid); 
    else 
         
%% FIT TO CIRC:AX DATA IN A SEPARATE RUN 
        % FIT TO CIRC:AX DATA: 
        [fname ICIRC] = biaxdata2(i, Din,sr_v, pwd); 
         
        % THEN SOLVE FOR FIBER AND FMI PARAMETERS USING DATA FROM THE  
  % SAMPLES ORIENTED ALONG THE CIRCUMFERENTIAL-AXIAL DIRECTIONS 
         
  % Lower Bound 
        lb = [0 0 0 0 0.5]; 
        % Upper Bound 
        ub = [inf inf inf inf 10]; 
         
        x2 = zeros(init,length(lb)); 
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        guess2 = zeros(init, length(lb)); 
        R22 = zeros(init,1); 
         
  for j = 1:init 
            pp = rand; 
            m(1) = 10*pp;           % Fiber term, c4 
            m(2) = 100*pp;          % Fiber term, c5 
            m(3) = 1000;            % Shear FMI term,  c7 
            m(4) = pp;              % Normal FMI term, c6 
            m(5) = pp;              % v31 guess 
             
            guess2(j,:) = m; 
            Ydata2 = [ICIRC.stress(:,1); ICIRC.stress(:,2);  
ICIRC.stress(:,3); ICIRC.stress2(:,1); ICIRC.stress2(:,2);  
ICIRC.stress2(:,3)]; 
             
[x2_tmp, resnormc, residualc, exitflagc, outputc] = 
lsqcurvefit(@fun_circ,m,ICIRC, Ydata2, lb, ub, options); 
             
            x2(j,:) = x2_tmp; 
            FF2 = @(x2) fun_circ(x2,ICIRC); 
             
            GG2 = FF2(x2_tmp); 
            HH2 = GG2(1:ICIRC.length); % CIRC direction stress  
            JJ2 = GG2(ICIRC.length+1:2*ICIRC.length); % AX dir. stress 
            KK2 = GG2(2*ICIRC.length+ 1: 3*ICIRC.length); % RAD stress  
             
            % Calculate R2 for the guess 
            R2circc  = double(cal_Rsq(ICIRC.stress(:,1),HH2)); 
            R2axc    = double(cal_Rsq(ICIRC.stress(:,2),JJ2)); 
            R2radc   = double(cal_Rsq(ICIRC.stress(:,3),KK2)); 
            R22(j) = R2circc + R2axc; 
 
            if ICIRC.dataset == 2 
                % 2nd dataset 
     
    % Stress along the CIRC direction                 
    HH2b = GG2(3*ICIRC.length+1: 
    3*ICIRC.length+ICIRC.length2);                        
     
    % Stress along the AX direction 
JJ2b = GG2(3*ICIRC.length+ICIRC.length2+1: 
3*ICIRC.length+2*ICIRC.length2); 
 
     
    % Stress along the RAD direction 
KK2b = GG2(3*ICIRC.length+2*ICIRC.length2+ 1:     
3*ICIRC.length+3*ICIRC.length2);   
               
    % Calculate R2 for the guess 
                R2circc2  = double(cal_Rsq(ICIRC.stress2(:,1),HH2b)); 
                R2axc2    = double(cal_Rsq(ICIRC.stress2(:,2),JJ2b)); 
                R2radc2   = double(cal_Rsq(ICIRC.stress2(:,3),KK2b)); 
                R22(j) = R2circc + R2axc + R2circc2 + R2axc2; 
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            end 
             
            residualcall(:,j) = residualc; 
        end 
         
        % Choose the parameters that correspond to the lowest Bland- 
        % Altman results 
        [mr2, r2indx1] = min(std(residualcall)); 
        xcirc = x2(r2indx1,:); 
         
        % Bland-Altman analysis 
        diffc = residualcall(:,r2indx1); 
        meandiffc = mean(diffc); 
        stddiffc = std(diffc); 
         
        if ICIRC.dataset == 1 
            [b2,matrix, fibers, shear] = fun_circ(xcirc, ICIRC); 
            HH2 = b2(1:ICIRC.length); % CIRC direction stress 
            JJ2 = b2(ICIRC.length+1 : 2*ICIRC.length); % AX dir. stress  
            KK2 = b2(2*ICIRC.length+ 1: 3*ICIRC.length); % RAD stress  
             
            R2c(1)   = double(cal_Rsq(ICIRC.stress(:,1),HH2)); 
            R2c(2)   = double(cal_Rsq(ICIRC.stress(:,2),JJ2)); 
            R2c(3)   = double(cal_Rsq(ICIRC.stress(:,3),KK2)); 
             
            %    Determine the percent contribution by each component 
            [ICIRC] = percent_cont(ICIRC, HH2, JJ2, matrix, fibers,  
shear); 
 
        elseif ICIRC.dataset == 2 
            [b2,matrix, fibers, shear, matrix2, fibers2, shear2] =  
fun_circ(xcirc, ICIRC); 
 
            HH2 = b2(1:ICIRC.length); % CIRC direction stress 
            JJ2 = b2(ICIRC.length+1 : 2*ICIRC.length); % AX dir. stress  
            KK2 = b2(2*ICIRC.length+ 1: 3*ICIRC.length); % RAD stress  
 
            % 2nd dataset 
% Stress along the CIRC direction 
            HH2b = b2(3*ICIRC.length+1:3*ICIRC.length+ICIRC.length2);                        
 
% Stress along the AX direction             
JJ2b = b2(3*ICIRC.length+ICIRC.length2+1 : 
3*ICIRC.length+2*ICIRC.length2); 
 
% Stress along the RAD direction 
KK2b = b2(3*ICIRC.length+2*ICIRC.length2+ 1: 
3*ICIRC.length+3*ICIRC.length2);   
             
            R2c(1)   = double(cal_Rsq(ICIRC.stress(:,1),HH2)); 
            R2c(2)   = double(cal_Rsq(ICIRC.stress(:,2),JJ2)); 
            R2c(3)   = double(cal_Rsq(ICIRC.stress(:,3),KK2)); 
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% 2nd DATA SET 
            R2c(4)   = double(cal_Rsq(ICIRC.stress2(:,1),HH2b)); 
            R2c(5)   = double(cal_Rsq(ICIRC.stress2(:,2),JJ2b)); 
            R2c(6)   = double(cal_Rsq(ICIRC.stress2(:,3),KK2b)); 
             
            %    Determine the percent contribution by each component 
            [ICIRC] = percent_cont(ICIRC, HH2, JJ2, matrix, fibers,  
shear, HH2b, JJ2b, matrix2, fibers2, shear2); 
        end 
         
        % PLOT CIRC:AX DIRECTION: 
        [row, col] = size(fname); 
        figure('name', strcat(fname(1:col-4),': Oriented along the  
  CIRC-AX directions')); 
         
  % Samples oriented along the Circumferential-Axial directions 
        subplot(2,2,1); 
        plot(ICIRC.deform(:,1), ICIRC.stress(:,1),'ob'); 
        hold on; 
        plot(ICIRC.deform(:,1), HH2, '-m'); 
        title('CIRC direction'); 
        xlabel('Strain (mm/mm)'); 
        ylabel('Stress (MPa)'); 
         
        subplot(2,2,2); 
        plot(ICIRC.deform(:,2), ICIRC.stress(:,2),'ob'); 
        hold on; 
        plot(ICIRC.deform(:,2), JJ2, '-m'); 
        title('AX direction'); 
        xlabel('Strain (mm/mm)'); 
        ylabel('Stress (MPa)'); 
         
        subplot(2,2,3); 
        plot(ICIRC.deform(:,1), ICIRC.stress(:,3),'ob'); 
        hold on; 
        plot(ICIRC.deform(:,1), KK2, '-m'); 
        title('RAD direction'); 
        xlabel('Strain (mm/mm)'); 
        ylabel('Stress (MPa)'); 
  
        if ICIRC.dataset ==2 
            % 2ND DATA SET 
            figure('name', strcat(fname(1:col-4),': (2ND) Oriented  
along the CIRC-AX directions')); 
            % Samples oriented along the CIRC-Axial directions 
            subplot(2,2,1); 
            plot(ICIRC.deform2(:,1), ICIRC.stress2(:,1),'ob'); 
            hold on; 
            plot(ICIRC.deform2(:,1), HH2b, '-m'); 
            title('CIRC direction'); 
            xlabel('Strain (mm/mm)'); 
            ylabel('Stress (MPa)'); 
             
            subplot(2,2,2); 
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            plot(ICIRC.deform2(:,2), ICIRC.stress2(:,2),'ob'); 
            hold on; 
            plot(ICIRC.deform2(:,2), JJ2b, '-m'); 
            title('AX direction'); 
            xlabel('Strain (mm/mm)'); 
            ylabel('Stress (MPa)'); 
             
            subplot(2,2,3); 
            plot(ICIRC.deform2(:,1), ICIRC.stress2(:,3),'ob'); 
            hold on; 
            plot(ICIRC.deform2(:,1), KK2b, '-m'); 
            title('RAD direction'); 
            xlabel('Strain (mm/mm)'); 
            ylabel('Stress (MPa)'); 
        end 
         
            % OUTPUT RESULTS in working directory 
            fid = fopen('circ results.txt', 'a'); 
 
            if i==1; 
                fprintf(fid, '\nFilename \tv21 \tFiber  
    parameters\t\tShear parameters\tNorm \tR2 Circ  
    \t\t\tBland Altman Rad\tCirc Stress  
       Contribution\t\tAxial Stress contribution\t'); 
                fprintf(fid,   '\n       \t    \tc1 \tc2\tc3           
    \tc4  \tcirc \tax \trad \t\t\t\tmean \tstdev \tMatrix  
    \tFibers \tShear \tMatrix \tFibers \tShear '); 
            end 
 
            fprintf(fid,'\n %-20s \t %6.3f \t %6.3f \t %6.3f \t %6.3f   
\t %6.3f  \t %6.3f \t %6.3f \t %6.3f \t %6.3f \t %6.3f \t  
%6.3f  \t %6.9f  \t %6.9f  \t %6.3f   \t %6.3f   \t %6.3f    
\t %6.3f   \t %6.3f   \t %6.3f   \t %6.3f   \t %6.3f   \t  
%6.3f  \t %6.3f  \t %6.3f  \t %6.3f  \t %6.3f  \t %6.3f  \t  
%6.3f \t %6.9f \t %6.9f \t %6.3f \t %6.3f \t %6.3f \t %6.8f  
\t %6.12f \t %6.12f \t %6.12f \t %6.12f \t %6.12f \t %6.12f  
\t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t  
%6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f \t %6.4f  
\t',... 
            fname, ICIRC.v31, xcirc(1:4), R2c, meandiffc, stddiffc,  
ICIRC.contcirctoe, ICIRC.contcirclin, ICIRC.contaxtoe,  
ICIRC.contaxlin, ICIRC.contcirctoe2, ICIRC.contcirclin2,  
ICIRC.contaxtoe2, ICIRC.contaxlin2); 
            fclose(fid); 
    end 
     
end 
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APPENDIX E: MATLAB PROGRAM FOR MODEL PREDICTIONS 
 Once the continuum model presented in Chapter 10 was validated, a graphic user 
interface was created to easily predict multiple loading modalities.  This program was 
designed to be as general as possible; therefore, the user is able to select a variety of 
descriptions for the matrix, fibers, shear fiber-matrix interaction terms and the normal 
fiber interaction terms (Figure E-1).   
 
Figure 11-1: Graphic user interface for model description input.  The model allows for 
input descriptions of the matrix, fibers, shear and normal fiber-matrix interaction terms. 
The included model descriptions for each component are as follows.  The matrix 
can be described as either a compressible neo-Hookean or a compressible Mooney Rivlin 
material.  The fibers can be described using an exponential (Eberlein R, Holzapfel GA et 
al. 2001)  or a 2nd order polynomial description. (Peng, Guo et al. 2006)  The shear fiber-
matrix interactions can be described using a linear or nonlinear term derived from the 
two-dimensional rotation of the Mohr’s circle, (Guerin and Elliott 2007) a modified or 
extended derivation of the material line element that is aligned with the initial fiber 
orientation, as described in Chapter 8.  Finally, the normal fiber-matrix interaction terms 
can be described using a linear or nonlinear term derived from the two-dimensional 
rotation of the Mohr’s circle.(Guerin and Elliott 2007) 
 Once the model terms are selected the user can input the model parameters for the 
selected component descriptions, the Poisson’s ratio in the fiber direction and the 
transverse direction, the fiber angle and the maximum strain for the prediction.  The user 
also selects what loading condition should be predicted.  The loading conditions available 
include: uniaxial tension in the fiber and off-fiber (i.e. transverse) direction, biaxial 
loading in the circumferential and axial directions, biaxial loading in the radial and axial 
direction, and shear in the 1-2 direction (i.e. shear in the circumferential direction).  For 
the biaxial loading conditions, the primary loading condition is listed first (i.e. 
circumferential in the CIRC:AX prediction). 
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Figure 11-2: Graphic user interface for the model prediction MATLAB model.  Inputs 
include the model parameters for the matrix, fibers, shear and normal fiber-matrix 
interaction terms, the Poisson's ratio, the fiber angle, the loading conditions to be 
predicted and the maximum strain for the predition. 
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MATLAB CODE: 
CONSTIT.M 
function varargout = constit(varargin) 
% CONSTIT M-file for constit.fig 
%      CONSTIT, is a constitutive model for a fiber reinforced tissue. 
%      Materials can be described as a compbination of matrix, fibers  
%      and fiber-matrix interactions.   
% 
%      This program can be used either to determine model parameters  
%      for experimental data or to predict mechanical behavior of the  
%      tissue using already defined model parameters. (coming soon) 
% 
%  See also: YES_CONSTIT, NO_CONSTIT, YES_CONSTITMODEL, GUIDE,  
%     GUIDATA, GUIHANDLES. 
%  
% CREATED BY GRACE D. O'CONNELL, AUG 2008. 
  
% Begin initialization code - DO NOT EDIT 
gui_Singleton = 1; 
gui_State = struct('gui_Name',       mfilename, ... 
                   'gui_Singleton',  gui_Singleton, ... 
                   'gui_OpeningFcn', @constit_OpeningFcn, ... 
                   'gui_OutputFcn',  @constit_OutputFcn, ... 
                   'gui_LayoutFcn',  [] , ... 
                   'gui_Callback',   []); 
if nargin && ischar(varargin{1}) 
    gui_State.gui_Callback = str2func(varargin{1}); 
end 
  
if nargout 
    [varargout{1:nargout}] = gui_mainfcn(gui_State, varargin{:}); 
else 
    gui_mainfcn(gui_State, varargin{:}); 
end 
% End initialization code - DO NOT EDIT 
  
  
% --- Executes just before constit is made visible. 
function constit_OpeningFcn(hObject, eventdata, handles, varargin) 
% Choose default command line output for constit 
handles.output = hObject; 
  
% Initialize material descriptions: Order - matrix, fibers, shear,  
% normal 
handles.matdesc(1) = 1; 
handles.matdesc(2) = 1; 
handles.matdesc(3) = 1; 
handles.matdesc(4) = 1; 
 
% Update handles structure 
guidata(hObject, handles); 
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% --- Outputs from this function are returned to the command line. 
function varargout = constit_OutputFcn(hObject, eventdata, handles)  
% Get default command line output from handles structure 
varargout{1} = handles.output; 
  
% --- Executes on selection change in matrix. 
function handles = matrix_Callback(hObject, eventdata, handles) 
% Determine which material description was selected.  The default value 
% =1. 
handles.matdesc(1) = get(hObject,'Value'); 
% Update handles structure 
guidata(hObject, handles); 
  
% --- Executes during object creation, after setting all properties. 
function matrix_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
% --- Executes on selection change in fibers. 
function handles = fibers_Callback(hObject, eventdata, handles) 
handles.matdesc(2) = get(hObject,'Value'); 
% Update handles structure 
guidata(hObject, handles); 
  
% --- Executes during object creation, after setting all properties. 
function fibers_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
% --- Executes on selection change in shear. 
function handles = shear_Callback(hObject, eventdata, handles) 
% Determine selected material description 
handles.matdesc(3) = get(hObject,'Value'); 
% Update handles structure 
guidata(hObject, handles); 
  
% --- Executes during object creation, after setting all properties. 
function shear_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
% --- Executes on selection change in normal. 
function handles = normal_Callback(hObject, eventdata, handles) 
handles.matdesc(4) = get(hObject,'Value'); 
% Update handles structure 
guidata(hObject, handles); 
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% --- Executes during object creation, after setting all properties. 
function normal_CreateFcn(hObject, eventdata, handles) 
if ispc && isequal(get(hObject,'BackgroundColor'), 
get(0,'defaultUicontrolBackgroundColor')) 
    set(hObject,'BackgroundColor','white'); 
end 
  
% --- Executes on button press in NO button. 
function nobutton_Callback(hObject, matdesc, handles) 
nobutton = get(hObject,'Value'); 
  
% If the parameters are not already known- the computer will ask the  
% user to enter information about the material. 
if nobutton == 1; 
    no_constit(handles); 
end 
  
% --- Executes on button press in YES button. 
function yesbutton_Callback(hObject, matdesc, handles) 
if yesbutton == 1; 
    input = handles.matdesc; 
    b = struct('type',{'matrix','fibers','shear','normal'},'selection',  
    {handles.matdesc(1), handles.matdesc(2), handles.matdesc(3),  
    handles.matdesc(4)}); 
  
    yes_constit(struct2cell(b)) 
end 
 
 
YES_CONSTIT.M 
function [matrix, fiber, shear, perp] = yes_constitmodel(invalues) 
% YES_CONSTITMODEL Prediction model with user input model parameters. 
%   This model is called from yes_constit.m 
%  
%   Determine behavior to predict: 
%   Prediction options: 
%   1  = Uniaxial - fiber dominant 
%   2  = Uniaxial - matrix dominant 
%   3  = Biaxial - CIRC:AX 
%   4  =     Axial Fixed 
%   5  =     2:1 
%   6  =     1:1 Equibiaxial 
%   7  =     1:2 
%   8  =     Circ  Fixed 
%   9  = Biaxial - RAD: AX 
%   10 =     Equibiaxial 
%   11 =     2:1 
%   12 =     Axial Fixed 
%   13 = Shear in the 1-2 direction 
%   14 = Cyclic loading - FUTURE 
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% 
% CREATED BY: GRACE D. O'CONNELL AUG 2008. 
  
% Get input values  
predict = invalues.prediction; 
theta   = (invalues.theta); 
  
% For Prediction options with CIRC/fiber direction as the dominant  
% direction 
if predict <= 13 && predict ~= 2   
    % Determine the deformation gradient, F, and the deformation  
    % tensor, C. 
    strainlong  = 0:invalues.maxstrain/2000:invalues.maxstrain/100; 
    %straintrans = -invalues.poisson(2)*strainlong; 
    strainrad   = -invalues.poisson(1)*strainlong; 
 
    C11 = 2*strainlong'+1; 
    C33 = 2*strainrad'+1; 
     
    if predict == 1;    % UNIAXIAL - FIBER DIRECTION 
        C22 = C33; 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 3 || predict == 4;    % Axial Fixed 
        C22 = ones(length(strainlong),1); 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 5;                    % 2:1 CIRC:AX strain ratio 
        C22 = strainlong'+1; 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 6;                    % EQUIBIAXIAL 
        C22 = 2*strainlong'+1; 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 7;                    % 1:2 CIRC:AX strain ratio 
        C22 = 4*strainlong'+1; 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 8;                    % Circ fixed 
        C22 = 2*strainlong'+1; 
        C11 = ones(length(strainlong),1); 
        F11 = sqrt(C11); 
        F22 = sqrt(C22); 
        F33 = sqrt(C33); 
    elseif predict == 13;                   % Shear12 
        C12 = tan(strainlong'*pi/180); 
        C21 = C12; 
        C11 = ones(length(strainlong),1); 
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        C22 = C11+C12.^2; 
        C33 = C11; 
        F11 = C11; 
        F22 = F11; 
        F33 = F11; 
        F12 = C12; 
    end 
     
    lengthdata = length(strainlong); 
    for i = 1:lengthdata 
        % Direction order: 1 - Circ; 2 - AX; 3 - RAD 
        C = diag([C11(i) C22(i) C33(i)],0); 
        if predict == 13; 
            C(1,2) = C12(i); 
            C(2,1) = C21(i); 
        end 
        Cinv = inv(C); 
        J(i,1) = sqrt(det(C)); 
         
        % Calculate C^-1 for CIRC data 
        if Cinv == Inf; 
            invC(i,1:3) = 0; 
        else 
             
            invC(i,1) = Cinv(1,1); 
            invC(i,2) = Cinv(2,2); 
            invC(i,3) = Cinv(3,3); 
            if predict == 13; 
                invC(i,4) = Cinv(1,2); 
            end 
        end; 
         
        % Invariants (I1 - I5) 
        invar(i,1) = trace(C); 
        invar(i,2) = 0.5*(trace(C)^2 - trace(C.^2)); 
        invar(i,3) = det(C); 
        invar(i,4) = (cos(theta))^2*C11(i) + (sin(theta))^2*(C22(i)); 
        invar(i,5) = cos(theta)^2*C11(i)^2 + sin(theta)^2*(C22(i))^2; 
         
        if predict == 13; 
            invar(i,4) = invar(i,4)+2*sin(theta)*cos(theta)*C12(i); 
        end 
 
% Restrict I4 and I5 to be greater than 1.0. This forces the  
  % fibers to only experience tensile stresses 
        if invar(i,4) < 1 
            invar(i,4) = 1; 
        end 
        if invar(i,5) < 1 
            invar(i,5) = 1; 
        end 
    end 
end 
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% For Prediction option # 2 & 4 
if predict == 2 || predict == 7 
    % Predicted behavior along the radial direction - strainlong is now  
    % in the radial direction 
    strainrad   = 0:invalues.maxstrain/1000:invalues.maxstrain/100; 
    straintrans = -invalues.poisson(1)*strainrad; 
     
    C11 = 2*straintrans'+1; 
    C33 = 2*strainrad'+1; 
 
    if predict ==2 
        C22 = 2*straintrans'+1; 
    elseif predict ==4 % predict Trans fixed biaxial 
        C22 = ones(length(C11),1); 
    end 
     
    lengthdata = length(strainrad); 
    for i = 1:lengthdata 
        % Direction order: 1 - Circ; 2 - AX; 3 - RAD 
        C = diag([C11(i) C22(i) C33(i)],0); 
        Cinv = inv(C); 
        J(i,1) = sqrt(det(C)); 
         
        % Calculate C^-1 for CIRC data 
        if Cinv ==Inf; 
            invC(i,1:3) = 0; 
        else 
             
            invC(i,1) = Cinv(1,1); 
            invC(i,2) = Cinv(2,2); 
            invC(i,3) = Cinv(3,3); 
        end; 
         
        % Invariants (I1 - I5) 
        invar(i,1) = trace(C); 
        invar(i,2) = 0.5*(trace(C)^2 - trace(C.^2)); 
        invar(i,3) = det(C); 
         
        % should have no fiber contribution in this direction, but will  
  % keep the calculations for completeness: 
        invar(i,4) = (cos(theta))^2*C11(i) + (sin(theta))^2*(C22(i)); 
        invar(i,5) = cos(theta)^2*C11(i)^2 + sin(theta)^2*(C22(i))^2; 
         
        % Restrict I4 and I5 to be greater than 1.0 
        if invar(i,4) < 1 
            invar(i,4) = 1; 
        end 
        if invar(i,5) < 1 
            invar(i,5) = 1; 
        end 
    end 
end 
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% For Prediction option # 11 & 12 
if predict == 11 || predict == 12 
fprintf('\n\n You have selected an option that has not been 
included in the program - yet. \n'); 
    matrix = 0; 
    fiber  = 0; 
    shear  = 0; 
    perp   = 0; 
    return; 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
% MATRIX Options: 
% 1 = no matrix description 
% 2 = neo-Hookean, coupled compressive 
% 3 = Mooney-Rivlin, compressive 
  
if invalues.inputval(1) == 1 
    % No matrix description 
    matrix = zeros(lengthdata,3); 
elseif invalues.inputval(1) == 2 
    % Coupled compressive neo-Hookean 
    c1 = invalues.matrix(1); 
    c2 = invalues.matrix(2); 
     
    % Determine matrix contribution in each direction (For AF tissue -  
    % 1=Circ; 2=AX; 3=rad) 
    matrix(:,1) = invar(:,3).^(-1/2).*F11.*(2*c1.*(1-invar(:,3).^(- 
    (c2/(1-2*c2))).*invC(:,1))).*F11; 
     
    matrix(:,2) = invar(:,3).^(-1/2).*F22.*(2*c1.*(1-invar(:,3).^(- 
    (c2/(1-2*c2))).*invC(:,2))).*F22; 
     
    matrix(:,3) = invar(:,3).^(-1/2).*F33.*(2*c1.*(1-invar(:,3).^(- 
    (c2/(1-2*c2))).*invC(:,3))).*F33; 
     
elseif invalues.inputval(1) == 3 
    % Compressive Mooney-Rivlin 
    c1 = invalues.matrix(1); 
    c2 = invalues.matrix(2); 
    c3 = invalues.matrix(3); 
     
    matrix(:,1) = invar(:,3).^(-1/2).*F11.*(c1.*(2-2.*invC(:,1)) +  
    c2.*(2*(C22+C33)-4.*invC(:,1)) + c3.*2*J.*(J-1).*invC(:,1)).*F11; 
     
    matrix(:,2) = invar(:,3).^(-1/2).*F22.*(c1.*(2-2.*invC(:,2)) +  
    c2.*(2*(C11+C33)-4.*invC(:,2)) + c3.*2*J.*(J-1).*invC(:,2)).*F22; 
     
    matrix(:,3) = invar(:,3).^(-1/2).*F33.*(c1.*(2-2.*invC(:,3)) +  
    c2.*(2*(C11+C22)-4.*invC(:,3)) + c3.*2*J.*(J-1).*invC(:,3)).*F33; 
     
    if predict == 13; 
        matrix(:,4) = invar(:,3).^(-1/2).*F12.*(c1.*(2-2.*invC(:,4)) +  
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       c2.*(2*(-C12)-4.*invC(:,4)) + c3.*2*J.*(J-1).*invC(:,4)).*F12; 
    end 
end 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
% FIBER Options: 
% 1 = no fiber description 
% 2 = Exponential (Eberlein, 2000) 
% 3 = 2nd Order Polynomial (Peng, 2006) 
  
if invalues.inputval(2) == 1 
    % No fiber description 
    fiber = zeros(lengthdata,3); 
elseif invalues.inputval(2) == 2 
    % Exponential (Eberlein, 2000) 
    c4 = invalues.fiber(1); 
    c5 = invalues.fiber(2); 
     
    fiber(:,1) = invar(:,3).^(-1/2).*F11.*(4.*c4.*(invar(:,4)- 
    1).*(cos(theta)).^2.*exp(c5.*(invar(:,4)-1).^2)).*F11; 
     
    fiber(:,2) = invar(:,3).^(-1/2).*F22.*(4.*c4.*(invar(:,4)-  
    1).*(sin(theta)).^2.*exp(c5.*(invar(:,4)-1).^2)).*F22; 
     
    fiber(:,3) = zeros(lengthdata,1); 
     
    if predict == 13; 
        fiber(:,4) = invar(:,3).^(-1/2).*F12.*(4.*c4.*(invar(:,4)- 
  1).*(cos(theta))*sin(theta).*exp(c5.*(invar(:,4)-1).^2)).*F12; 
    end 
 
elseif invalues.inputval(2) == 3 
    % 2nd Order Polynomial. 
    c4 = invalues.fiber(1); 
    c5 = invalues.fiber(2); 
     
    fiber(:,1) = invar(:,3).^(-1/2).*F11.*((4.*c4.*(invar(:,4)-1)+  
    8*c5.*(invar(:,4)-1).^3).*(cos(theta)).^2).*F11; 
     
    fiber(:,2) = invar(:,3).^(-1/2).*F22.*((4.*c4.*(invar(:,4)-1)+  
    8*c5.*(invar(:,4)-1).^3).*(sin(theta)).^2).*F22; 
     
    fiber(:,3) = zeros(lengthdata,1); 
end 
  
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
%%% 
% SHEAR Options: 
% 1 = No Shear FMI 
% 2 = 2D Mohr's Circle Rotation - linear (Guerin, 2007) 
% 3 = 2D Mohr's Circle Rotation - nonlinear (Guerin, 2007) 
% 4 = 3D Rotation of the Material Line Element (modified - Peng, 2006) 
% 5 = 3D Rotation of the Material Line Element (Peng, 2006) 
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if invalues.inputval(3) == 1 
    % No shear description 
    shear = zeros(lengthdata,3); 
elseif invalues.inputval(3) == 2 
% 2D Mohr's Circle Rotation - linear (Guerin, 2007; pg 117 in  
% Guerin thesis) 
    c6 = invalues.shear(1); 
     
    shear(:,1) = invar(:,3).^(-1/2).*F11.*(8*c6*cos(theta)^2.*(C11- 
    invar(:,4))).*F11; 
     
    shear(:,2) = invar(:,3).^(-1/2).*F22.*(8*c6*sin(theta)^2.*(C22- 
    invar(:,4))).*F22; 
     
    shear(:,3) = zeros(lengthdata,1); 
     
elseif invalues.inputval(3) == 3 
% 2D Mohr's Circle Rotation - nonlinear (Guerin, 2007; pg 117 in  
% Guerin thesis) 
    c6 = invalues.shear(1); 
    c7 = invalues.shear(2); 
    shearexp = exp(c7*(2*invar(:,5)-2*invar(:,4).^2)); 
     
    shear(:,1) = invar(:,3).^(1/2).*F11.* (8*c6*cos(theta)^2.*  
    shearexp.* (C11-invar(:,4))).*F11; 
     
    shear(:,2) = invar(:,3).^(-1/2).* F22.* (8*c6*sin(theta)^2.*  
    shearexp.*(C22-invar(:,4))).*F22; 
     
    shear(:,3) = zeros(lengthdata,1); 
elseif invalues.inputval(3) == 4 
    % 3D Rotation of the Material Line Element (modified - Peng, 2006) 
    c6 = invalues.shear(1); 
    com = ((invar(:,4)./invar(:,3).*(invar(:,5)-invar(:,1).*  
    invar(:,4)+ invar(:,2)))-1); 
    comshear = 2*(invar(:,4)./invar(:,3)); 
     
    shear(:,1) = invar(:,3).^(-1/2).* F11.* (2* ((c6.*    
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C22 + C33)... 
    - (1./invar(:,3).*(invar(:,5) invar(:,1).* invar(:,4)+  
    invar(:,2))).*(C22.*C33)... 
    + (invar(:,5)./invar(:,4) - 2*invar(:,1) +     
    invar(:,2)./invar(:,4))*cos(theta).^2 ... 
    + (2*cos(theta).^2.*C11))))).*F11; 
     
    shear(:,2) = invar(:,3).^(-1/2).* F22.* (2*((c6.*  
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C11 + C33)... 
    - (1./invar(:,3).*(invar(:,5)-invar(:,1).* invar(:,4)+  
    invar(:,2))).*(C11.*C33)... 
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    + (invar(:,5)./invar(:,4) - 2*invar(:,1) +  
    invar(:,2)./invar(:,4))*sin(theta).^2 ... 
    + (2*sin(theta).^2.*C22))))).*F22; 
   
    shear(:,3) = invar(:,3).^(-1/2).*F33.*(2*((c6.* 
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C11 + C22)... 
    - (1./invar(:,3).*(invar(:,5)-invar(:,1).*invar(:,4)+  
    invar(:,2))).*(C11.*C22))))).*F33; 
     
elseif invalues.inputval(3) == 5 
    % 3D Rotation of the Material Line Element (Peng, 2006) 
    c6 = invalues.shear(1); 
    c7 = invalues.shear(2); 
    c8 = invalues.shear(3); 
     
    funI4  = c6./(1+exp(-c7.*(sqrt(invar(:,4)) - c8))); 
    dfunI4 = 0.125*c6*c7./(sqrt(invar(:,4)).*  
    cosh(0.5*(sqrt(invar(:,4))-c8).*c7).^2); 
     
    com = ((invar(:,4)./invar(:,3).*(invar(:,5)- 
    invar(:,1).*invar(:,4)+invar(:,2)))-1); 
    comshear = 2*(invar(:,4)./invar(:,3)); 
     
    shear(:,1) = invar(:,3).^(-1/2).*F11.* (2*((funI4.*  
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C22 + C33)... 
    - (1./invar(:,3).*(invar(:,5)-     
    invar(:,1).*invar(:,4)+invar(:,2))).*(C22.*C33)... 
    + (invar(:,5)./invar(:,4) - 2*invar(:,1) +     
    invar(:,2)./invar(:,4))*cos(theta).^2 ... 
    + (2*cos(theta).^2.*C11)))... 
    + 2*dfunI4.*(com-1).^2)).*F11; 
     
     
    shear(:,2) = invar(:,3).^(1/2).*F22.*(2*((funI4.*     
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C11 + C33)... 
    - (1./invar(:,3).*(invar(:,5)-invar(:,1).*invar(:,4)+  
    invar(:,2))).*(C11.*C33)... 
    + (invar(:,5)./invar(:,4) - 2*invar(:,1) +     
    invar(:,2)./invar(:,4))*sin(theta).^2 ... 
    + (2*sin(theta).^2.*C22)))... 
    + 2*dfunI4.*(com-1).^2)).*F22; 
     
    shear(:,3) = invar(:,3).^(-1/2).*F33.*(2*((funI4.*  
    (comshear.*(com)).*... 
    (-invar(: ,4)... 
    + (C11 + C22)... 
    - (1./invar(:,3).*(invar(:,5)-invar(:,1).*invar(:,4)+  
    invar(:,2))).*(C11.*C22)... 
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    + 2*dfunI4.*(com-1).^2)))).*F33; 
end 
 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% NORMAL Options: 
% 1 = No Normal FMI 
% 2 = 2D Mohr's Circle Rotation - linear (Guerin, 2007) 
% 3 = 2D Mohr's Circle Rotation - nonlinear (Guerin, 2007) 
  
if invalues.inputval(4) == 1 
    % No normal description 
    perp = zeros(lengthdata,3); 
elseif invalues.inputval(4) == 2 
    % 2D Mohr's Circle Rotation - linear (Guerin, 2007; pg 119 in  
    % Guerin thesis) 
    c9 = invalues.norm(1); 
 
    perp(:,1) =  invar(:,3).^(-1/2).*F11.*(2*c9*((invar(:,1)-1)-    
    (C22+C33) + cos(theta)^2*(invar(:,4)+1) - 2*  
    cos(theta)^2.*C11)).*F11; 
     
    perp(:,2) =  invar(:,3).^(-1/2).*F22.*(2*c9*((invar(:,1)-1)-    
    (C11+C33) + sin(theta)^2*(invar(:,4)+1) –  
    2*sin(theta)^2.*C11)).*F22; 
     
    perp(:,3) =  invar(:,3).^(-1/2).*F33.*(2*c9*((invar(:,1)-1)-  
    (C11+C22))).*F33; 
 
elseif invalues.inputval(4) == 3 
    % 2D Mohr's Circle Rotation - nonlinear (Guerin, 2007; pg 119 in         
    % Guerin thesis) 
    c9  = invalues.norm(1); 
    c10 = invalues.norm(2); 
     
    normexp = exp(c10*((0.5*invar(:,1).^2-invar(:,1)-invar(:,2)+0.5) +  
    0.5*(invar(:,4).^2+2*invar(:,4) - 2*invar(:,5)))); 
     
    perp(:,1) = invar(:,3).^(-1/2).*F11.*(2*c9.*normexp.*((invar(:,1)-  
1) - (C22+C33) + cos(theta)^2*(invar(:,4)+1) –  
2*cos(theta)^2.*C11)).*F11; 
     
    perp(:,2) = invar(:,3).^(-1/2).*F22.*(2*c9.*normexp.*((invar(:,1)- 
    1)- (C11+C33) + sin(theta)^2*(invar(:,4)+1) –  
    2*sin(theta)^2.*C11)).*F22; 
 
    perp(:,3) = invar(:,3).^(-1/2).*F33.*(2*c9.*normexp.*((invar(:,1)- 
    1)- (C11+C22))).*F33; 
 
end 
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
% PLOT PREDICTED RESULTS: 
% Prediction options: 
if predict == 1; 
    figure('Name', 'Uniaxial - fiber/circ direction'); 
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elseif predict == 2 
    figure('Name', 'Uniaxial - transverse/rad direction'); 
elseif predict == 3 || predict == 4 
    figure('Name', 'Biaxial  - Axial fixed'); 
elseif predict == 5 
    figure('Name','Biaxial  - 2:1'); 
elseif predict == 6 
    figure('Name', 'Biaxial  - 1:1 Equibiaxial'); 
elseif predict == 7 
    figure('Name', 'Biaxial  - 1:2'); 
elseif predict == 8 
    figure('Name', 'Biaxial  - Circ fixed'); 
elseif predict == 13 
    figure ('Name', 'Shear in Circ direction') 
else 
end 
  
if predict == 13; 
    plot(C12, abs(matrix(:,4)+fiber(:,4))) 
    hold on; 
    plot(C12, abs(matrix(:,4)), '--k') 
    plot(C12, abs(fiber(:,4)), '--r') 
    legend('Total','Matrix','Fibers') 
    xlabel('Shear strain, E12') 
    ylabel('Stress, S12 (MPa)') 
else 
    stress = matrix + fiber + shear + perp; 
     
    subplot(2,2,1) 
    plot(C11, stress(:,1)); 
    hold on 
    plot(C11, matrix(:,1),'--r') 
    plot(C11, fiber(:,1),'--b') 
    plot(C11, shear(:,1),'--k') 
    plot(C11, perp(:,1),'--m') 
    title('1 Direction') 
    xlabel('Stretch'); 
    ylabel('Stress (MPa)'); 
    legend('Total','Matrix','Fiber','Normal'); 
    hold off 
     
    subplot(2,2,2) 
    if predict == 1 || predict == 6 
        plot(C22, stress(:,2)); 
    else 
        plot(C22, stress(:,2)); 
        hold on 
        plot(C22, matrix(:,2),'--r') 
        plot(C22, fiber(:,2),'--b') 
        plot(C22, shear(:,2),'--k') 
        plot(C22, perp(:,2),'--m') 
        hold off 
    end 
    title('2 Direction') 
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    xlabel('Stretch'); 
    ylabel('2nd P-K Stress (S)'); 
     
    subplot(2,2,3) 
    plot(C33, stress(:,3)); 
    title('3 Direction') 
    xlabel('Stretch'); 
    ylabel('2nd P-K Stress (S)'); 
     
    % OUTPUT RESULTS in working directory 
    fid = fopen('predition_unipredict.txt', 'a'); 
    for p =1: length(C11) 
        if p==1; 
            fprintf(fid, '\nMatrix parameters\t\t\tFiber  
Parameters\t\tShear FMI Parameter'); 
            fprintf(fid,   '\nc1\tc2\tc3\tc4\tc5 \tc6  \tC11 \tS11  
\tC22 \tS22 \tC33 \tS33'); 
            fprintf(fid,'\n %6.3f \t %6.3f \t %6.3f \t %6.3f \t %6.3f  
\t %6.3f \t %6.3f \t %6.3f \t %6.3f \t %6.3f \t %6.3f \t  
%6.3f \t',... 
            c1, c2, c3, c4, c5, c6, C12(1,1),  
(abs(fiber(1,4)+matrix(1,4))));%C11(1,1), stress(1,1),  
C22(1,1), stress(1,2), C33(1,1), stress(1,3))); 
             
        elseif p > 1 
            fid = fopen('predition_unipredict.txt', 'a'); 
            fprintf(fid,'\n \t  \t  \t  \t  \t \t %6.9f \t %6.9f \t  
%6.3f \t %6.3f \t %6.3f \t %6.3f \t',... 
            C12(p,1), (abs(fiber(p,4)+matrix(p,4))));%C11(p,1),  
stress(p,1), C22(p,1), stress(p,2), C33(p,1), stress(p,3)); 
        end 
 
        fclose(fid); 
    end 
end 
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APPENDIX F: LINEAR ELASTICITY 
F.1 Generalized Equations for Linear Elasticity 
 
In linear elasticity the stress (σ) is related to strain (e) according to Hooke’s Law:  
klijklij eC=!  
 
where Cijkl are the components of the stiffness matrix.  The stiffness matrix is symetrix 
such that Cijkl = Cklij = Cjikl = Cijlk, therefore, reducing to a matrix with 12 components: 
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Stress in the primary directions can be solved as: 
 33113322112211111111 eCeCeC ++=!  
33223322222211112222
eCeCeC ++=!  
33333322223311113333
eCeCeC ++=!  
 
For the simplified case of uniaxial extension along the first direction would be 
non-zero; however, the stress in the transverse direction (i.e. σ22 & σ33) would be zero.  
Furthermore, for transversely isotropic materials the strain in the transverse direction 
would be equivalent (i.e. e22 & e33). 
      221133112211111111 e)CC(eC ++=!    
222233222211221122 e)CC(eC0 ++==!  
223333332211331133 e)CC(eC0 ++==!  
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From this the Poisson’s ratio and the Young’s modulus of the tissue can be 
calculated.  The Poisson’s ratio (ν) is calculated as the ratio of the stiffness components 
for the transverse and loading directions (Equation F-5).  The strain in the 2nd direction 
(i.e. e22) can be written in terms of e11 from Equation F-4b to determine the Young’s 
modulus in the 1-direction (Equation F-6). 
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For transversely isotropic materials, C1122 = C1133 and the Young’s modulus becomes: 
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F.2 Example – Isotropic Material 
For an isotropic material with two independent elastic constants, λ and µ, Hooke’s 
law is written as:  
ijijij e2e µ!"# $$ +=  
 
Therefore, the stiffness matrix with the two elastic constants can be written as: 
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In this example the Poisson’s ratio and the modulus can be written as:(Fung 1993) 
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F.3 Biaxial Loading Conditions 
For the biaxial extension in the first two primary directions (i.e. σ11 & σ22), the 
relationship of the components in the stiffness matrix is more complex than the Young’s 
modulus solved for in Equation F-7.  From the equations in F-3, we see that biaxial 
loading results in a non-zero σ22 term.   
33113322112211111111
eCeCeC ++=!  
33223322222211112222
eCeCeC ++=!  
33333322223311113333
eCeCeC0 ++==!  
 
Similar to the uniaxial extension example above, these equations can be solved so a 
combination of the components in the stiffness matrix, C, represents a relationship 
between the stress in the 1-direction and the strain in the 1-direction, such that σ11 = 
E11e11.  For the work presented in this dissertation, the strain in the 2-direction can be 
described in terms of the strain in the 1-direction such that e22 = α*e11, where a represents 
the strain ratio.  The relationship between the biaxial stress-strain data is as follows: 
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APPENDIX G: FIBER REORIENTATION IN CONSTITUTIVE MODELING  
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 The fiber angle can be described by the unit vector of the fiber in the undeformed 
condition and the deformation gradient (F): 
0
aFa •= .  The unit vector of the initial 
fiber angle is: 
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The deformation gradient is:  
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where λi is the fiber stretch.  The rotated fiber angle, θ’, can be solved with respect to the 
deformation along the 1-axis as:   
)
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! = . 
The change in fiber angle was plotted for uniaxial and biaxial loading conditions.  The 
biaxial loading conditions included holding the transverse direction fixed, pulling the 
transverse direction at half the strain rate as the primary direction (2:1), and equibiaxial 
loading.  The rotation of the fiber angle was determined for an initial fiber angle of 30o 
(Figure G-1); however, the maximum rotation in the fiber angle would occur at 45o 
(Figure G-2 – shown for uniaxial extension). 
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Figure G-3: Simulation of the affine rotation of the collagen fiber with an initial fiber angle 
of 30o.  The amount of rotation under 10% of applied strain is plotted for uniaxial (blue), 
transverse-fixed (green), 2:1 (red) and an equibiaxial (black) loading condition.  Biaxial 
loading conditions greatly decrease the amount of fiber reorientation, which affects the 
contribution of the shear fiber-matrix interaction term. 
 
Figure G-4: Change in fiber angle at a 10% uniaxial deformation plotted for initial fiber 
angles between 0o and 90o. 
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